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I. INTRODUCTION 
The amount or proportion of an element in a plant will 
depend on many factors. One of these factors is the inter­
action and effect of other elements in the growing medium 
and within the plant. 
Many experiments have been conducted in an attempt to 
clarify the interactions and relationships between the 
various elements essential for plant growth. Some of these 
relationships have been clarified for some plants and it is 
generally known how some of these relationships influence 
element uptake by plants and the chemical composition of 
the plants. 
One such relationship that has been shown to exist 
under certain conditions is the effect of applied nitrogen 
on the uptake of phosphorus by corn. Field experiments 
have shown that applied nitrogen will increase both phos­
phorus uptake and phosphorus content of corn under many 
conditions. 
This effect of nitrogen on phosphorus uptake is impor­
tant from the standpoint of utilization of both soil and 
applied phosphorus. For instance, some Iowa soils are 
relatively well supplied with available phosphorus. Applied 
nitrogen will often result in a greater uptake of soil phos­
phorus. On other Iowa soils, both nitrogen and phosphorus 
often give' profitable responses. Applied nitrogenfin this' 
instance may'rëfsult in a more efficient utilisation^ .of-- the -
J . '=; ; ; 
applied phdsphqi-u's 
A c on'sl xîérable. amount of research work' has., beeri* done' . 
in order to '(^ %rify thé conditions under which'âp^ 'Med;.. -
nitrogen wïl^ . 'fÉfsûlt in a more efficient utiii'?at5ûn -of;.: Bo.th' 
soil and applied ^ phosphorus. The results of -'fch'i'shâve,. 
neither be%n*.Dpnclûbive nor in agreement in. e^laiAing %he » 
. • * « * «, .*» / " "• ""•* • . • 
relationship^ "wlÂfch were observed. - v': i.V 
The present, study was undertaken to elucid-àt'ei^y • 
/. / y- . ' . : 
analytical ,mfe^n&*"define: of the ni trogen-phosphozto.s\r.el^iqn-' • 
ships that".e.2çi v^•in-, eorn grown at various lia-ve'lsl ; nitrô-'.! 
gen and phos.p'M#%q,;-. to clarify some of the suggested ex> 
planations ra>w.hy'trbgen increases p'ercent ptitii^îiof'ug-'iri, 
plants in •ma-qy\ca;seA';. .and to determine the ë'fï'ëdt rtif-n^'trd- : 
„ . .. . , gen and phoqpihQrUfS" on - the chemical compositiojï of-'ÇHeVcovn- " 
plant. AsjL'de,.*ftph,«these. more specific objéc-ti.y&à*.:jbké.** 
:ÙL study also-prpv&'dès,.'information on the effect \of :form/bf ° ; \ 
nitrogen on." the growth of corn and its chémicalcoapoCsi-tion* 
•" x %>«•:??••• ••••. • v .: • 
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.  # .  
#  
3 
II. REVIEW OF LITERATURE 
A. Effect of Applied Nitrogen on Phosphorus 
Uptake and Phosphorus Percentage 
Conclusive evidence has been reported which shows that 
applied nitrogen may give an increased phosphorus uptake by-
plants and an increased phosphorus percentage in the plant. 
This relationship between applied nitrogen and phosphorus 
uptake has been reported by many workers. 
Breazeale (9) was among the earliest to report this 
effect on plant growth. Growing wheat plants at different 
levels of nitrogen and phosphorus, he reported data which 
showed an increased phosphorus percentage in the plants 
for four out of five nitrogen levels. 
Later work by Jordan et> al. (28) showed a much greater 
total uptake of phosphorus by whole corn plants in the 
presence of nitrogen than in the absence of nitrogen. A 
basic application of 80 pounds PgO^ per acre was used in 
this experiment. No phosphorus percentages were given. 
Krantz and Chandler (31) found that the application of 
nitrogen increased the phosphorus percentage in the corn 
leaf. The effect was reported to be greater on high phos­
phorus soils. Bennett et al. (4) also found that the 
application of nitrogen increased phosphorus percentage in 
the sixth corn leaf at the time of silking in seven out of 
eight nitrogen experiments in the field. No fertilizer 
k 
phosphorus was applied in these experiments. 
Dumenil (18) has also reported the same effect of applied 
nitrogen on phosphorus percentage in the sixth corn leaf. In 
a group of 69 experiments, the application of nitrogen in­
creased phosphorus percentage in 36 of the experiments, had 
no effect in 21 and resulted in a decrease in 12 when no 
phosphorus was applied. In 60 experiments in the same 
group, when phosphorus was applied in addition to the 
nitrogen, 55 showed an increase in leaf phosphorus, 5 showed 
no effect and there were none that showed a decrease in leaf 
phosphorus. 
Caldwell (12), in a summary of several experiments, 
said that a number of greenhouse and field trials in Minne­
sota and elsewhere have demonstrated beyond doubt that 
addition of nitrogen in some forms and as some salts in­
creases the uptake of phosphorus materially in most crops 
studied. Much of the work was done with corn. 
Viets et al. (51) have also shown that phosphorus per­
centage in the corn leaf was increased by applied nitrogen. 
Whether or not this represented an increased total uptake by 
the plant was questioned by Viets. However, he went on to 
point out that other studies by his co-workers indicated 
that nitrogen application actually increases total phos­
phorus uptake faster than it increases dry weight production. 
Hence, total phosphorus uptake and percent phosphorus in the 
plant would be increased. 
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In a summary of work in the North Central States 
reported by Fine (20), phosphorus percentage in the whole 
corn plant is generally shown to decrease with applied 
nitrogen. Out of three experiments in Minnesota, one shows 
a definite decrease, one a very slight decrease and another 
a slight increase. In an experiment in Wisconsin, phos­
phorus percentage in the whole plant was definitely lower 
when nitrogen was present. 
Fraps and Fudge (21) reported the uptake of phosphorus 
as related to soil nitrogen. Using first corn and then 
grain sorghum as test crops in the greenhouse, they found 
that average PgO^ removal was 9.6 p. p. m. when total soil 
nitrogen was less than 0.03/2* When soil nitrogen was over 
0.12$, removal was 15«4 P* p. m. 
Glover (22), working with corn in sand culture, found 
that the percent of phosphorus in corn increased with in­
creasing levels of phosphorus but decreased with increasing 
levels of nitrogen. He also stated that nitrogen uptake 
was not only influenced by the nitrogen level but also by 
the level of phosphorus. The decrease in percent of phos­
phorus with increasing nitrogen levels could be due to his 
relatively low levels of nitrogen and phosphorus in his 
nutrient solution. His three levels of nitrogen were 9, 36, 
and 63 p. p. m. of nitrate nitrogen. His levels of phos­
phorus were 0.33» 2.6 and 4.9 p. p. m. Even though he 
6 
changed his solutions every alternate day, these levels 
would be considered low. Higher levels of both nutrients 
would possibly have shown increases of plant phosphorus 
content due to nitrogen. His phosphorus percentages were 
about 0.1 percent for the intermediate and high levels of 
nitrogen. This percentage is relatively low. Beekenbach 
et al. (3) reported that the phosphorus content of the corn 
leaves was affected only by the concentration of the phos­
phorus itself. However, nitrogen content of the leaves 
was not affected by the phosphorus level as reported by 
Glover. 
The effect of applied nitrogen on phosphorus uptake 
or phosphorus percentage has been reported on crops other 
than corn. Borden (6), working with sugar cane, reported 
that the application of ammonium sulfate resulted in a 
higher concentration of phosphorus in the plant. However, 
in a later study, he (7) reported a decrease. 
In small grains, the effect of nitrogen on phosphorus 
uptake is variable. Welch (55) has reported that phos­
phorus content of oats bended to decrease as nitrogen was 
increased. Domby et_ al. (16) have reported similar results 
with oats. However, they also reported that total phosphorus 
uptake was greater with increasing nitrogen applications. 
Pine (20) pointed out in seven experiments on oats 
conducted in four states in the North Central region that 
7 
five of the experiments showed a decrease in phosphorus per­
centage due to nitrogen application, whereas, two experiments 
gave an increase. Three experiments on potatoes showed 
little difference due to applied nitrogen. Out of sevsn 
experiments on sugar beets, five showed a lower phosphorus 
percentage with nitrogen and phosphorus than with phos­
phorus alone. Two of the experiments showed a higher phos­
phorus percentage. 
Lundegardh (34) has reported decreases in phosphorus 
percentage by applying nitrogen to oats. Xn one wheat 
experiment, nitrogen increased the phosphorus content. In 
another wheat experiment, applying nitrogen had no effect 
on the phosphorus content. Smith et al. (Jji>)> in one study 
with oats, found that 30 pounds nitrogen gave a phosphorus 
percentage increase, but higher rates gave no further in­
crease in an early sampling. For a later sample taken, 
successive nitrogen increments, up to 6o pounds, increased 
phosphorus percentage. Another oat study showed that nitro­
gen applications increased total phosphorus removal. 
In a summary of studies on phosphorus in the Western 
States (50), the phosphorus content of sugar beet roots was 
shown to have been reduced from 0.099# to 0.078# due to 
applied nitrogen. In the tops, the decrease was from 0.l8l# 
to 0.159#. 
In general, a summary would show that applied nitrogen, 
under most conditions, will increase phosphorus percentage in 
8 
the vegetative parts of crop plants# When considering the 
whole corn plant, however, both increases and decreases in 
phosphorus percentage due to applied nitrogen have been 
reported. However, yield increases due to the application 
of nitrogen would generally offset any decrease in the 
phosphorus percentage of the whole plant, thus resulting in 
a greater total phosphorus uptake by the plant. 
B. Effect of Nitrogen on Utilization 
of Fertilizer Phosphorus 
Utilization of fertilizer phosphorus is generally 
enhanced by the application of nitrogen. 
Fine (20), in a summary of six corn experiments in 
three states, reported that utilization of applied phos­
phorus was greater in each of the experiments when nitrogen 
was also applied. 
Olson and Dre1er (42) also showed that fertilizer phos­
phorus uptake by corn is greatly increased by concurrent 
nitrogen application. From this work and additional work 
with oats, they concluded that nitrogen in the fertilizer 
formulation as well as nitrogen fertilizer mixed with 
straight phosphate increased uptake of the fertilizer phos­
phorus by small grain crops. It was interesting to note, 
in their work with oats, that the influence of fertilizer 
nitrogen in promoting phosphorus uptake was greater when the 
nitrogen and phosphorus materials were physically mixed than 
9 
when the nitrogen and phosphorus were chemically combined 
in the fertilizer formulation. They found that the nitro­
gen effect on phosphorus uptake was large on phosphoric 
acid and the superphosphates, but it was small on ammonium 
and nitric phosphates and ammoniated superphosphates. These 
workers did not elaborate on why these differences existed. 
It could be pointed out, however, that certain nitric phos­
phates and ammoniated superphosphates have been reported 
(54) to have low water-solubility of the phosphorus. These 
differences reported by Olson and Dreier (42) could be due 
to low water-solubility of the phosphorus in the fertilizers 
used. 
Caldwell (12) compared ordinary and concentrated super­
phosphates with and without various sources of nitrogen. 
He found the percent of phosphorus in the plants from the 
superphosphates alone to be approximately 32 percent of the 
total phosphorus in the plant. With nitrogen applied as 
ammonium sulfate or ammonium nitrate, percentage phosphorus 
from the fertilizer ranged from $0 to 68 percent depending 
on the source and N:P ratio. Caldwell (12) also noted some­
what the same effect as Olson and Dreier (42) relative to 
nitrogen formulated with the phosphorus carrier. When 
chemically associated with phosphorus, the nitrogen had less 
effect on uptake of fertilizer phosphorus than where the 
nitrogen and phosphorus were physically associated. 
Working with-. cbra;" Robertson et al. (45) found that 
five pounds of nitrogen in a row fertilizer increased the 
utilization of fertilizer phosphorus by 50 percent. 
In a summary of studies with radioactive phosphorus 
(50), results from two experiments with wheat and wheatgrass 
showed that nitrogen fertilizers favor increased uptake of 
fertilizer phosphorus. For sugar beets, the ratio of absorbed 
fertilizer phosphorus to absorbed soil phosphorus remained 
essentially constant with applied nitrogen. Another experi­
ment reported proportional increases in phosphorus from both 
applied and soil phosphorus when nitrogen was applied to 
barley. 
Nitrogen rates of 0, 40 and 80 pounds per acre applied 
to oats in Nebraska (42) gave 28.9, 32.8 and 36.5» respec­
tively, as the percent of plant phosphorus obtained from the 
fertilizer. Rennie and Mitchell (44) reported a similar 
effect on wheat. Marked increases in the uptake of ferti­
lizer phosphorus occurred as the amount of nitrogen added 
was increased. Grunes el; al^. (24) likewise reported a big 
increase in the percentage of plant phosphorus derived from 
the fertilizer by barley. The percentage increased from 
37.0 for phosphorus alone to a treatment mean of 50.1 percent 
when nitrogen was added. A similar effect was reported for 
sugar beets and potatoes by Grunes e£ al. (23). 
Jordan and Baker (29) reported the effect of nitrogen 
on phosphorus uptaka/by wheat, potatoes and three varieties 
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of wheatgrass. In all plants, the percentage of total phos­
phorus in the plant from fertilizer phosphorus was increased. 
Soil phosphorus that was absorbed was also generally in­
creased with increasing nitrogen applications. 
C. Effect of Source of Nitrogen on Uptake of Phosphorus 
Even though phosphorus uptake by corn has often been 
increased by applied nitrogen, the magnitude of the increase 
will vary depending on the source of the material used to 
supply the nitrogen. 
Caldwell et al. (llj.) have found differences in phos­
phorus absorption by corn due to source of nitrogen used. 
When nitrogen was applied as ammonium sulfate or ammonium 
nitrate, the amount of fertilizer phosphorus absorbed was 
increased. Supplying nitrogen as urea or sodium nitrate 
resulted in no increased uptake of fertilizer phosphorus. 
Viets et al. (5l) also reported differences due to source 
of nitrogen. Nitrogen as ammonium sulfate resulted in 
higher contents of leaf phosphorus in corn than nitrogen 
supplied as calcium nitrate or ammonium nitrate. 
In an experiment conducted in Washington (50), three 
different sources of nitrogen were used on both barley and 
oats. With the oats on a "lime-free" soil, the ammonium 
sulfate resulted in a greater uptake of both applied and 
soil phosphorus than did the ammonium nitrate or sodium 
12 
nitrate. The latter two were essentially the same. The 
barley, grown on a calcareous soil, showed essentially no 
difference in phosphorus uptake due to source of nitrogen. 
Breon ei; a]L. (10, 11) reported that tomatoes receiving 
urea nitrogen absorbed phosphorus at a greater rate than 
those receiving nitrate nitrogen. Grunes et al. (24)» 
working with barley, reported that ammonium sulfate was more 
effective in increasing percent phosphorus in the plant than 
was sodium nitrate, even though the difference was not large. 
yolk (53) determined the effect of various sources of 
nitrogen on the availability of the phosphorus in rock phos­
phate, waste pond phosphate, calcium metaphosphate and super­
phosphate. This effect was measured by determining yield of 
grain and uptake of phosphorus by sorghum. Sources of nitro­
gen used were ammonium sulphate and sodium nitrate. On clay 
soils, he found that both superphosphate and rock phosphate 
increased sorghum yields more when nitrogen was applied as 
ammonium sulfate than as sodium nitrate. The same was true 
of total phosphorus uptake. Prom his results, he concluded 
that the use of acid-forming nitrogenous fertilizers in­
creased the availability of the phosphorus. 
Lorenz and Johnson (33) observed that nitrogen from 
ammonium sulfate increased yields of several crops such as 
potatoes, tomatoes, cotton, onions, barley and others. Nitro­
gen from sodium nitrate and calcium nitrate, on the other 
13 
hand, did not. Ammonium nitrate was intermediate among the 
other sources. They concluded, as did Volk (53) > that the 
physiologically acid salt, ammonium sulfate, effectively 
released native soil phosphorus ; whereas, nitrogen from 
calcium nitrate and sodium nitrate did not. Lorenz and 
Johnson (33) also found that nitrogen as sodium nitrate or 
calcium nitrate was absorbed by the plants but did not affect 
yield. In experiments in water culture by Lorenz and Johnson 
(33)* tomatoes growing in nitrate nitrogen solutions showed 
better growth than with ammonium nitrogen. This suggested 
to them that the response to ammonium sulfate in the soil 
was a secondary one brought about by release of native soil 
phosphorus. 
Bouldin and Sample (8) have reported on the effect of 
certain salts on the availability of phosphorus. Working 
with oats, they mixed concentrated superphosphate with 
various salts, namely KNO^, (NH, ) SO , NH Cl, and KCl. All 
-> 4 2 4 Ij. 
salts increased the total yield of phosphorus by oats grown 
on two different soils. Of the various salts, KNO^ was most 
effective and KCl was least effective in both soils. The 
other salts were intermediate. 
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D. Effect of Physical Association of Nitrogen 
and Phosphorus on Phosphorus Uptake 
When nitrogen is physically associated with phosphorus, 
phosphorus uptake is generally greater than where the two 
are applied separately. Miller and Ohlrogge (39) mixed 
nitrogen with phosphorus and applied it in a band to corn. 
This was compared to phosphorus uptake when the two were 
applied in separate bands. It was found that phosphorus 
uptake was greater when the nitrogen and phosphorus were 
physically associated. Their source of nitrogen was ammo­
nium sulfate. In similar work, Robertson et al. (45) reported 
that physically associated nitrogen and phosphorus resulted in 
a higher uptake of phosphorus early, but that the effect 
diminished as the season progressed. 
Marriott and Jackson (35) found somewhat the same results 
with corn. When ammonium nitrate was mixed with ordinary 
superphosphate, phosphorus uptake was the greatest. When the 
two were applied on opposite sides of the row, the superphos­
phate was only 50 to 60 percent as good a source of phos­
phorus as when mixed with the nitrogen. These workers also 
studied the effect of chemical association of the nitrogen 
and phosphorus as compared to the physical association of the 
two by applying two nitric phosphates. These did not prove 
to be as good as the superphosphates intimately mixed with 
ammonium nitrate as a phosphorus source. This substantiates 
15 
results of Caldwell (12) and Olson and Dreier (lj.2) which 
were cited previously. Again, it could be suggested that 
the differences could have been due to low water-solubility 
of phosphorus in the nitric phosphates. 
Caldwell and Chin (13) also reported similar results. 
In one experiment, phosphorus absorption was two thirds 
greater when nitrogen and phosphorus were mixed than when 
applied on opposite sides of the row. In a later experi­
ment, they reported that physical mixing of ammonium nitrate 
or urea with superphosphate approximately doubled the uptake 
of phosphorus by corn. 
In some interesting work by Caldwell and Chin*, nitro­
gen and phosphorus were applied in two separate bands near 
corn seed. In one set of plots, the nitrogen band was 
inside nearest the seed and the phosphorus placed in a band 
beyond the nitrogen. In another set of plots, the situation 
was reversed with the phosphorus being closest to the seed. 
Phosphorus uptake was definitely higher when the nitrogen 
was farthest from the seed. 
Fine's summary (20) of work with corn in Minnesota, 
Indiana and Wisconsin showed a very definite effect of physi­
cal association of nitrogen and phosphorus fertilizers on 
*Caldwell, A. C. and Chin, Arthur, University of 
Minnesota, St. Paul, Minnesota. Effect of nitrogen on 
phosphorus uptake by corn. Private communication. 1958. 
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utilization of fertilizer phosphorus. In four comparisons 
in Indiana, percent phosphorus recovery ranged from 6.6 to 
10.4 percent when the nitrogen and phosphorus were not 
physically associated compared to llj..6 to 15.9 percent 
recovery when they were physically associated. In a green­
house experiment in Minnesota, the percentage of plant phos 
phorus derived from the fertilizer due to physical associ­
ation of the two nutrients was increased from 40.1 to 55.0 
percent in one case and 33*9 to 51.7 percent in another 
case. In Wisconsin, the percentage increased from 6.4 to 
11.7 percent. In the same experiment at Wisconsin, where 
the nitrogen and phosphorus was applied as a nitric phos­
phate, percent plant phosphorus from fertilizer was only 
3.8. Where one half of the nitrogen and phosphorus were 
supplied as a nitric phosphate, the percentage was 7.1. 
Grunes et al. (24) showed, that with barley, ammonium 
sulfate banded with superphosphate resulted in 60.8 percent 
of the plant phosphorus coming from the fertilizer compared 
to 49.4 percent when the nitrogen was banded on opposite 
sides of the row. When sodium nitrate was used as a source 
of nitrogen, there were no differences, with the values 
being 52.1 and 51.2, respectively. 
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B. Summary of Explanations Given for the 
Effect of Nitrogen on Phosphorus 
Several explanations for increased phosphorus uptake 
due to applied nitrogen have been offered by various workers. 
The increased solubility of both soil phosphorus and 
applied phosphorus by the application of nitrogen fertili­
zers is the explanation offered by most workers. In pine's 
summary (20) of experimental work on this subject in the 
North Central States, the reason given is that an increased 
solubility is effected by either a change in pH by the 
nitrogen carrier or a mutual solubility enhancement effected 
by contact of the two materials. The Wisconsin workers 
who contributed to this summary believed that this played 
an important role in their experiments. 
A summary ($0) of phosphorus work in the Western States 
also stated as a possibility the fact that a chemical inter­
action of the nitrogen and phosphorus compounds in the soil 
solution resulted in a greater availability of phosphorus. 
Robertson et_ al. (45) also felt that the reaction of ammo­
nium sulfate and superphosphate increased the availability 
of the phosphorus. They also believed that physiological 
interactions in the plant were involved. 
Caldwell (12), Robertson et al. (45), and Jacob and 
Hill (27) suggested an increase in water-solubility of 
phosphorus due to the presence of certain salts. Jacob 
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and Hill (27) said that the water-solubility of dicalcium 
phosphate is enhanced several fold by the presence of ammo­
nium nitrate. Bouldin and Sample (8) also support this 
view. Rennie and Mitchell (44) made the same suggestion 
for the marked increase in availability of phosphorus. 
Volk (53) concluded that the use of acid-form ni­
trogenous fertilizers increased the availability of phos­
phorus. He substantiated this by applying lime separate 
from ammonium sulfate or with ammonium sulfate. When lime 
was mixed with the nitrogen, yields of both sorghum and 
oats were markedly lower than when the lime was mixed with 
the soil. This, according to Volk, indicates that the lime 
mixed with the fertilizer neutralized any effect the acid-
forming nitrogenous fertilizer may have had on the availa­
bility of the phosphorus. 
Working with slightly alkaline calcareous soils, 
Lorenz and Johnson (33) stated that the physiologically 
acid salt, ammonium sulfate, effectively released native 
soil phosphorus; whereas, calcium nitrate or sodium nitrate 
did not. The effect of ammonium nitrate was intermediate. 
They reasoned that calcium nitrate and sodium nitrate 
depressed solubility of the phosphorus because of the 
physiological alkalinity produced by absorption of the 
nitrate ion in excess of the cation. On the other hand, 
ammonium sulfate enhances solubility by (a) liberating one 
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hydrogen ion on absorption of an ammonium ion by the plant 
and (b) nitrification of the ammonium ion results in two 
equivalents of hydrogen per equivalent of nitrate produced, 
thus lowering the pH of the soil. Since readily soluble 
phosphorus, according to Lorenz and Johnson, is determined 
by pH and soluble calcium, it was concluded that the solu­
bility of native soil phosphorus was enhanced by the physio­
logically acid salt, ammonium sulfate. 
Olson and Dreier (42) discussed Lorenz's conclusions 
that are listed in the previous paragraph. They say that 
this is not due to an acidifying effect on phosphorus avail­
ability as suggested; but rather due to the presence of the 
ammonium ion increasing phosphorus uptake. They did not 
elaborate further as to the exact mechanism. 
A second explanation often suggested is that root 
development is increased by applied nitrogen, resulting in 
root distribution over a larger volume of the soil and thus 
coming into contact with more soil and/or applied phos­
phorus. This possibility is suggested by Caldwell (12). 
Miller and Ohlrogge (39) suggested that stimulation of root 
growth is a major factor in increasing phosphorus absorption 
since the phosphorus content of the plant increased even when 
nitrogen was not physically associated with applied super­
phosphate . 
Pine (20), in his summary of phosphorus work in the 
20 
North Central States, stated that 11 the response of root 
growth to nitrogen distribution is quite well established, 
and since the same roots take part in the absorption of all 
nutrients, it is logical to assume that phosphorus uptake 
is approximately proportional to root distribution". He 
also commented that the Indiana workers believed that root 
distribution was one of the major factors in their experi­
ments causing an increased phosphorus uptake. Formation of 
a more extensive root system with added nitrogen was also 
given in the summary (j?0) of work in the Western States. 
This more extensive root system would supposedly enable a 
"more thorough foraging of the soil particularly in the 
zone containing applied nitrogen and phosphorus." 
Olson and Dreier (1|2) stated that there is little 
doubt but tnat there is a greater concentration of roots 
moving laterally to the zone where nitrogen and phosphorus 
were applied than to the zone of just phosphorus alone. In 
fact, Grunes et al. (23) presented data on barley showing 
that, with phosphorus alone, the relative amount of roots 
by weight in the fertilizer band was 8.39. When ammonium 
sulfate was added in the same band, the figure was 21.8o. 
When the two were banded on opposite sides of the row, the 
figure was 9.06. These figures would certainly support the 
view that the effect was due to increased root growth. 
However, the percentages of plant phosphorus derived from 
21 
fertilizer were 37*0, 60.8 amd 49.4 percent, respectively, 
for the treatments cited above. This would indicate some 
effect other than increased root growth alone, since there 
was little difference in the relative amount of roots between 
phosphorus alone and nitrogen and phosphorus on opposite 
sides of the row. 
The third explanation given for increased phosphorus 
uptake due to applied nitrogen is that the plant is physio­
logically stimulated by the absorption of nitrogen, result­
ing in a greater need for phosphorus by the plant and the 
subsequent absorption of phosphorus by the plant. This is 
one of the possibilities suggested by Caldwell (12). How­
ever, Caldwell (14) stated in another paper that the effects 
of nitrogen on phosphorus uptake were chemical rather than 
biological. This conclusion was based on the fact that 
yield increases were the same regardless of source of nitro­
gen; whereas, the uptake of phosphorus was affected by 
source. Miller and Ohlrogge (39) stated that their work 
indicates that there was some effect due to the uptake of 
ammonium ions. They failed to elaborate as to what the 
effect might be. 
Another explanation of the effect of nitrogen on phos­
phorus uptake offered by some workers is possibly related 
to the third explanation given above. It has been pointed out 
by some that nitrogen increases the cation exchange capacity 
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of certain plants, thereby resulting in an increased phos­
phorus uptake. McLean and Adams (37) were among those who 
first suggested that cation exchange capacity of roots would 
affect phosphorus uptake. They pointed out that buckwheat's 
well-known ability to utilize phosphates of low solubility 
may be related to the relatively high mean free bonding 
energy for calcium by its roots. Such a high bonding energy, 
they suggest, might well be the weathering force necessary 
to release the phosphate from the otherwise unavailable 
forms. Drake and Steckel (17) substantiated McLean's sug­
gestion. They interpreted their results as showing that 
there was (a) greater solubilization of phosphorus from rock 
phosphate by roots with high calcium bonding energy, and (b) 
greater solubilization of soil aluminum and iron phosphates 
by an increased production of organic anions from high cation 
exchange roots. 
It was not until later that the effect of nitrogen on 
the cation exchange capacity of roots was pointed out. 
McLean e_fc al. (38) presented results which showed a high 
correlation (R = 0.866) between the cation exchange capaci­
ties of plant roots and their percentages of nitrogen. In 
general, as more nitrogen was supplied, an increars in the 
nitrogen percentage in the plant was obtained, accompanied 
by a corresponding increase in the cation exchange capacity 
of the plant roots. This relationship was noted for oats, 
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corn, buckwheat, cotton, vetch and soybeans. Smith and 
Wallace (47) substantiated McLean's work. They reported 
that nitrogen fertilization increases the cation exchange 
capacity of roots of some plant species. They pointed out 
that this indicates the possible nitrogenous nature of 
cation exchange sites. 
In a later paper where he reported work on crops grown 
in nutrient solution, McLean (36) showed that the percent 
phosphorus in the tops of corn plants was decreased with 
increasing nitrogen percentages in the root and increasing 
cation exchange capacities. The same was true for the other 
crops reported. McLean suggested that this converse situ­
ation of reducing phosphorus uptake might be due to the 
fact that the phosphorus is already in solution, contrasted 
to the situation reported by Drake and Steckel (17). Where 
the cation exchange capacity is increased, McLean suggested 
that negatively charged phosphate ions might be sieved out 
or repelled by the increased number of negative charges per 
unit weight of roots. In his summary, McLean stated that 
his "results obtained rule out increased crude protein as a 
sole explanation for trends in nutrient uptake" and that 
"the effect was more by way of the root exchange properties". 
Another possibility offered is a cation-anion balance 
in the uptake of nutrients. The ammonium ion, being posi­
tively charged, could result in a greater uptake of the phos-
•2k • 
phate ion due to its negative charge. This relationship is 
suggested by Nightingale (l|.l) who points out several examples 
of the basic principles of ion antagonism. One example is 
that the nitrate ion inhibits the uptake of the phosphate ion. 
An explanation for the nitrogen-phosphorus relationship 
suggested in the summary ($0) from the Western States is 
that a N:P ratio may exist in the soil which functions in 
a manner similar to that attributed to the C:N ratio. The 
nitrogen-phosphorus interactions would represent an adjust­
ment of this ratio. 
Even though several explanations have been suggested, 
the three most generally listed as reasons for increased 
phosphorus uptake in the presence of nitrogen are (a) the 
increased solubility of phosphorus due to the presence of 
nitrogen fertilizers; (b) an increased ramification of the 
root system of the plant, thus coming into contact with more 
soil phosphorus, and (c) physiological stimulation of the 
plant by applied nitrogen, resulting in a greater phosphorus 
need and subsequent uptake. It is highly doubtful if any 
one factor is primarily responsible for the effect of nitro­
gen on phosphorus uptake in all cases. It is probable that 
all of these explanations listed have an effect. 
Most of these researchers who have attempted to explain 
the relationships and effect of nitrogen on phosphorus up­
take have done so by the use of yield data as well as chemical 
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composition of the plant. Most of the analytical results 
have been on total content basis for the various elements. 
The purpose of this study was to attempt to clarify some of 
the nitrogen-phosphorus relationships in corn by use of 
analytical methods in the determination of the various 
nitrogen and phosphorus fractions within the plant. This 
then would be related to conditions in the growing medium. 
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III. EXPERIMENTAL PLANS AND PROCEDURES 
A. Field Experiments 
A considerable amount of research work in Iowa has shown 
that applied nitrogen often results in an increased percent­
age of phosphorus in the sixth leaf of the corn plant at the 
time of silking. Whether or not this same effect would be 
shown in the whole corn plant could be questioned. Results 
of research work in other states have been somewhat variable 
as to the effect of applied nitrogen on phosphorus percent­
age in the whole corn plant. 
In view of this, a preliminary study was conducted to 
determine the effect of applied nitrogen on the phosphorus 
content of the whole corn plant and total phosphorus uptake. 
For this preliminary study, both corn plant samples and 
sixth leaf samples were taken from two experimental sites'"'--
the Clarion-Webster Experimental Farm""-"' at Kanawha and the 
Southern Iowa Experimental Farm""™* at Bloomfield. 
At the Kanawha farm, whole plant samples were taken on 
August 7» 1955» and leaf samples taken the last week in July. 
"""The experiments used were conducted by John Pesek and 
R. P. Nicholson. Gratitude is expressed for their making 
these available and also for their assistance in obtaining 
field data. 
'"•""Hereinafter the Clarion-Webster Experimental Farm will 
be referred to as Kanawha and the Southern Iowa Experimental 
Farm will be referred to as Bloomfield. 
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They were taken from an experiment with rates of nitrogen on 
both corn following corn and corn following oats. Zero, 30, 
60 and 120 pounds of nitrogen were used with a basic appli­
cation of 60 pounds and 1^.0 pounds K^O per acre. To 
obtain the plant samples, a 20 foot length of row was se­
lected in each 20 x 1|.0 foot plot in the experiment and the 
plants harvested on to two inches above ground level. 
The soil type on the Kanawha farm was Webster silty clay 
loam which tested low in nitrifiable nitrogen, very low in 
available phosphorus and low-medium in available potassium. 
The variety, Iowa Hybrid lj.297# was power checked for a final 
stalk stand of 16,000 stalks per acre. Fertilizer was 
broadcast and disked in. 
At the experimental farm at Bloomfield, whole plant 
samples, as well as leaf samples, were taken on July 29, 1955» 
from the continuous corn plots of a rotation experiment. 
Treatments included rates of nitrogen at 0, 30, 60, 120 and 
2I4.O pounds with a basic application of 60 pounds PgOc; per 
acre. Two other treatments were zero and 30 pounds of nitro­
gen alone. To obtain the plant samples, a 20 foot length of 
row in each 20 x 40 foot plot was sampled as at Kanawha. The 
plants were beginning to silk when the samples were taken. 
The soil at Bloomfield, an Edina silt loam, tested low 
in nitrifiable nitrogen, very low in available phosphorus 
and medium in available potassium. The variety, A. E. S. 
Hybrid 801, was planted at a rate for a final stand of 
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16,000 stalks per acre. Fertilizer was broadcast and 
disked in. 
After sampling, the plants were bundled and allowed to 
air dry. The bundles of corn were then put through a field 
chopper, a portion of the material being saved for analysis. 
This subsample was dried in an oven for i+8 hours at 65° C. 
It was then ground in a Wiley mill and stored in glass con­
tainers for future analysis. 
B. Greenhouse Experiments 
1. General procedures 
The technique of growing plants in the greenhouse was 
employed to further clarify the nitrogen-phosphorus relation­
ships in the corn plant. Since three greenhouse experiments 
were conducted, general procedures common to all three will 
be discussed first. 
The corn was grown in white sand in a nutrient solution 
culture. Containers were two gallon glazed pots with an 
outlet on the side at the bottom of the pot. The pots were 
partially filled with sand prior to planting and thoroughly 
leached with distilled water. A single-cross corn variety, 
B-12 x 38-11, was used. For planting, the seeds were placed 
on top of the sand, covered with additional sand and again 
leached with water. 
The nutrient solutions used were slight variations from 
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one used by Lind'"' in growing corn plants successfully in 
the greenhouse. Data from Neild's (l+O) work with corn in 
the greenhouse were also used in establishing levels of 
nitrogen and phosphorus in the growing solution. 
The nutrient solutions used to supply the primary and 
secondary elements will be discussed separately for each 
experiment. To supply the minor elements, a solution was 
prepared which contained 1 g. of MnClg, 1 g. of H^BO^, 0.1 g. 
of ZnS0^-7H20, 0.2 g. of CuSO^^O and 0.0i| g. of (NH^MoO^ 
per liter. One ml. of this solution was added to each liter 
of growing solution. Iron was supplied as a part of the com­
plex of the sodium salt of ethylene diaminetetraacetlc acid. 
One liter of solution containing 47.5 g. of this material 
was prepared and one ml. of this solution was added to each 
liter of growing solution. 
To facilitate the addition of the nutrient solutions, 
a system was devised whereby the solution could be forced 
into the pot with compressed air. One gallon glass jugs, 
painted with aluminum paint to prevent algae growth, were 
used as containers for the nutrient solution. A two hole 
rubber stopper with glass tubing was placed in the jug. 
The stopper was held in place by a hose clamp around the neck 
of the jug with a small piece of wire hooked over the rubber 
*::"Lind, E. P., Iowa State College, Ames, Iowa. Nutrient 
solutions for growing corn. Private communication. 195$. 
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stopper and under the clamp. A short piece of glass tubing 
in the jug was connected to a compressed air source. A 
long piece of glass tubing in the jug was connected with 
rubber tubing to a one hole rubber stopper placed in the 
hole in the pot. A piece of glass wool was placed over the 
outlet inside the pot to prevent movement and loss of sand. 
All jugs were connected to a common compressed air source. 
When the air was turned on, the solution in the jugs would 
be forced into the pots. When the solution reached a level 
above the top of the sand, the connecting rubber tubing was 
clamped. After the solution was allowed to remain in the 
pot for approximately ten minutes, the hose clamps were 
released, allowing the excess solution in the pot to drain 
back into the jug. The sand was of such a texture that it 
would hold sufficient solution so that the sand was con­
tinually moist. 
When plant samples were taken, the plants were cut at 
sand surface level. They were immediately weighed for green 
weight. They were then dried at 6£° C. for I4.8 hours. They 
were again weighed, ground in a Wiley mill, placed in bottles 
and saved for chemical analysis. After all plants were har­
vested, the roots were removed by washing away the sand. They 
were dried, weighed, ground and saved in the same manner as 
the aerial portion. 
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2. Preliminary greenhouse experiment 
The first greenhouse experiment was conducted to inves­
tigate the levels of nutrients, particularly nitrogen and 
phosphorus, to use in subsequent experiments and to perfect 
the techniques needed for growing corn in a nutrient solu­
tion sand culture. Investigations were also made in this 
first experiment on whether to use the ammonium or nitrate 
form of nitrogen. 
The experimental design was a randomized block. There 
were eighteen treatments consisting of three levels of nitro­
gen, three sources of nitrogen and two levels of phosphorus 
in factorial combination. The three levels of nitrogen were 
5.6, 56 and 112 p. p. m. nitrogen. The nitrogen was supplied 
in three forms : ammonium, nitrate and a 1:1 ratio of ammo­
nium to nitrate nitrogen. The two phosphorus levels were 3 
and 30 p. p. m. phosphorus. Each treatment was replicated 
three times. 
All pots in the experiment were placed on a single table 
in the greenhouse. Each replicate consisted of a single row 
of pots running the length of the table. The pots in each 
replicate were randomized. The pots were spaced so that 
approximately three inches were between pots within the 
replicate and approximately four inches were between each 
replicate. To avoid any effect due to variations in temper­
ature , light and humidity in the greenhouse, the pots were 
rotated within each replicate once every week. Significant 
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differences among replicates in the analysis of variance 
suggests that the pots were properly situated to minimize 
greenhouse effects and take out variations as a result. 
Table 1 shows the nutrients present, the source of the 
nutrients and their concentration in the growing solution. 
Table 1. Nutrient elements, source and concentrations in 





p. p. m. 
Calcium CaCl2*2H20 78 
Potassium KHgPO, and KC1 235 
Magnesium MgS0^-7H20 42 
Nitrogen as NH^~ (hV2% Var.a 
Nitrogen as N0^~ NaNOj Var. 
Phosphorus ' Var. 
Chlorine KCl and NaCl 345 
Sulfur as SO^~ (NH^jgSO, and MgSO^-7H 0 Var. 
Sodium NaCl and NaNO^ Var. 
aIndicates p. p. m. variable. Nitrogen and phosphorus 
varied in treatments. Sulfur varied from 170 to 55$ p. p. m. 
as SO),=. Sodium varied from 0 to 199 p. p. m. Variations 
of sulfur and sodium were due to source and level of nitro­
gen and source and level of phosphorus. Sodium chloride was 
used to maintain a constant chlorine level. 
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Fourteen kernels of corn were planted on January 2l|., 
1957. It started emerging on January 28 and had completely 
emerged by January 30. 
The nutrient solution was first added nine days after 
the corn was planted. Prior to this time, the sand was kept 
moist by the addition of distilled water two times each day. 
The solution used the first week was only one half the 
strength of the solution described. On the l6th day after 
planting, the nutrient solution was changed to the concen­
trations listed, and was renewed every seven days there­
after. The solution was forced into the pots two times 
each day. 
During the growing period, observations were made and 
recorded relative to the appearance and growth of the plants. 
Deficiency symptoms were also noted. Height measurements 
and diameter of the stalks were taken once during the grow­
ing season. When solutions were changed, the quantity of 
solution remaining was recorded. 
Plant samples were taken at three times. The first 
sample was taken on March 3 which was 32 days after full 
emergence. It consisted of a variable number of plants. 
The sample was taken so as to leave eight well-spaced plants 
in the pot. The second sample, taken 52 days after emer­
gence on March 23» consisted of four randomly selected 
plants. For the third sample, the first replicate was har­
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vested on March 30 and replicates two and three were har­
vested on April 5>. 
3. Experiment on effect of form of nitrogen on plant growth 
The second greenhouse experiment was designed to give 
additional information on the effects of the two forms of 
nitrogen, ammonium and nitrate, on plant growth. 
Since the preliminary greenhouse experiment had shown 
poor growth of both tops and roots when nitrogen was sup­
plied in the ammonium form, this experiment was designed so 
that a portion of the plants in each pot could be removed 
to examine the roots at a certain phase of the experiment. 
To accomplish this, a plastic sack with holes in the bottom 
was placed in the middle of the pot. A brass cylinder of 
sufficient size was used to hold the plastic sack in place 
while sand was placed both inside and out. The cylinder was 
then removed. A total of 10 kg. of sand was placed in the 
pot with 2.3 kg. being placed inside the sack and 7*7 kg. 
placed outside. 
Six kernels were planted inside the sack and eight ker­
nels outside the sack. They were planted on April 28, 19*>7. 
The corn started emerging on May 1 and was completely emerged 
by May 4» On this date, the plants were thinned to four 
plants inside the sack and four plants outside the sack. 
Efforts were made to remove the seed kernel as well as the 
plant. 
For the first part of the experiment, one half of the 
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pots had the nitrogen supplied in the ammonium form and 
one half had nitrogen supplied in the nitrate form. Salts 
used to supply these forms of nitrogen were (NH^^SO^ and 
HaNO^. The initial level of nitrogen was 56 p. p. m. and the 
phosphorus level was 3 p. p. m., while the rest of the 
nutrient elements were supplied as shown in Table 1. The 
nutrient solution was first supplied on May 3» Prior to 
that time, distilled water was used. 
On May 30, the four plants, both roots and tops, inside 
the plastic container were harvested by removing the sack, 
sand and plants. The resulting hole in the pot was then 
filled with additional white sand. Both tops and roots were 
then harvested as indicated under the "General procedures". 
After the harvest of the four center plants, new treat­
ments were superimposed. One half of the pots in each repli­
cate which started on the ammonium form stayed on ammonium as 
the source of nitrogen, while the other half were changed 
to the nitrate form. One half of the pots starting on 
nitrate were changed to the ammonium form; whereas, one half 
remained on the nitrate form. Three levels of nitrogen, 
5.6, 56 and 112 p. p. m. nitrogen, and two levels of phos­
phorus, 3 and 30 p. p. m. phosphorus, were used in a fac­
torial combination with the two forms of nitrogen. Each 
superimposed treatment was considered a whole plot, and this 
whole plot was split into two plots with each split plot 
being the initial source of nitrogen. This made a total of 
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24 pots per replicate. 
The second sampling was harvested on June 17» 1957, 
and handled in the manner described previously. 
4» Experiment on the effect of nitrogen on phosphorus 
uptake by corn in both sand and soil 
To study the effects of nitrogen on phosphorus uptake 
in more detail, a third greenhouse experiment was estab­
lished using both sand and soil in which to grow corn. 
This experiment consisted of six levels of nitrogen and 
three levels of phosphorus in both sand and soil, resulting 
in 18 treatments. Each treatment was replicated three times 
in a randomized complete block design. The total of 108 
pots were placed on two greenhouse tables. All pots, both 
sand and soil, were rotated each time the nutrient solutions 
were changed. 
In the soil, nitrogen rates were 0, 200, 400, 600, 800 
and 1000 pounds of nitrogen per two million pounds of soil. 
The source of nitrogen was sodium nitrate. Rates of P^O^ were 
0, 300 and 600 pounds per two million pounds of soil supplied 
as concentrated superphosphate. In the nutrient solution in 
the sand, levels of nitrogen were 30, 60, 90, 120, 150 and 
l80 p. p. m. nitrogen in the first part of the experiment and 
then changed to 30, 90, 150, 210, 270 and 330 p. p. m. nitro­
gen in the latter part. Phosphorus levels were 3, 28 and 53 
p. p. m. in the nutrient solution. Table 2 gives the nutri­
ent elements supplied, source and concentrations for the 
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Table 2. Nutrient elements, source and concentrations in 




p. p. m. 
Calcium CaCl2*2H20 117 
Magneslum MgS0^«7H20 63 
Potassium KH PO. and KCl 
2 4. 
235 
Sodium NaNOj Var.& 
Nitrogen NaNO^ Var. 
Phosphorus KH^ Var. 
Sulfur MgSO^* 7H20 82 
Chlorine KCl and CaCl2.2H20 Var. 
^Indicates p. p. m. variable. Nitrogen and phosphorus 
intentionally varied. Sodium varied 1|.6, 92, 138, 184, 230 
and 276 p. p. m. depending on nitrogen level. Chlorine 
level varied 351» 315 and 271 p. p. m., depending on the 
phosphorus level. 
nutrient solution. 
The soil used in the experiment was an Ida silt loam 
subsoil. This soil is very low in both nitrogen and phos­
phorus availability but is well supplied with available 
potassium, calcium and other essential elements. This soil 
was chosen since it is known to give a good response to the 
application of nitrogen and phosphorus. The pH of the soil 
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was 8.4, and free calcium carbonate was present in the soil. 
The soil was mixed with an equal weight of sand, and 
9^ kg. of this mixture were used per pot. Prior to putting 
the soil in the pot, it was thoroughly mixed with proper 
amounts of concentrated superphosphate to give desired rates 
of PgO^ and enough 0-0-60 to be equivalent to 200 pounds of 
KgO per two million pounds of soil. 
The nitrogen, supplied as sodium nitrate, was applied 
as a solution in two different applications. One half was 
applied following planting and one half was applied three 
weeks after planting. The first application of nitrogen was 
made in enough water to bring the soil-sand mixture to field 
capacity throughout the pot. For the second application, 
certain selected pots were weighed and the moisture content 
of the pots determined. The proper amount of nitrogen for 
each pot was dissolved in sufficient water to bring the soil 
to field capacity. 
Eight kernels of corn were planted in the sand on May 21, 
19571 and in the soil on May 23, 1957. Plants started emerg­
ing from the sand on May 25 and were completely emerged on 
May 28. In the soil, the two dates were May 26 and May 29. 
After emergence of the corn, the soil was kept at 
approximately field capacity. The amount of water to add at 
each watering was determined primarily by observing the 
appearance of the soil surface from day to day. Each week, 
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several pots were weighed to see how much was actually 
needed to bring them to field capacity. The amount needed 
for the others was estimated from these weights. 
The sand cultures in this experiment were handled very 
similarly to that described previously. On the seventh day 
after full emergence, a one-half strength nutrient solution 
was added. On the 11th day, it was changed to its full 
concentration as listed in Table 2. For the next 12 days, 
the solution was changed every four days. For the next 15 
days, it was changed every three days. It was then changed 
every two days until the plants were harvested. The pots 
were flooded with the solution four times each day. Approx­
imate times of flooding were 8 a.m., 12 noon, Ij. p.m. and 
8 p.m. 
On June 18, 1957» the plants were thinned to a constant 
stand of four plants per pot. Attempts were made to leave 
four uniformly good plants of corn well distributed in each 
pot. 
On July 15, 1957» the plants were harvested by first 
sampling the sixth leaf from each plant. All the leaves 
were then harvested and finally the stalks. Each of these 
three plant parts was handled as previously described. The 
roots were also harvested. 
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C. Methods of Chemical Analysis 
Total nitrogen, phosphorus and potassium were determined 
on all plant and root samples. Before analysis, the samples 
were dried in an oven at 65° C. for 24 hours. All results 
are reported on this basis. For these determinations, a 
0.2, 0.5 or 1.0 gram sample was used. Size of sample depended 
on the quantity of material in the harvested sample. 
Total nitrogen was determined by a modification of the 
Kjeldahl method described by Black (5). The plant samples 
were digested in a sulfuric-salicylic acid mixture, using 
mercuric oxide as a catalyst and sodium thiosulfate to raise 
the boiling point. Sodium sulfide was added after digestion 
to precipitate the mercury. After adding sodium hydroxide, 
the ammonia released from the digested sample was distilled 
into a 4 percent solution of boric acid. The solution was 
titrated with approximately 0.1 N sulfuric acid to determine 
the ammonia present. 
The procedure for determining total phosphorus and 
potassium consisted of first adding 5 ml. of a 5 percent 
solution of magnesium acetate to weighed samples of the 
plant material. After evaporating this to dryness on a 
steam plate, they were placed in a muffle furnace at approxi­
mately 200° G. until smoking ceased. The temperature was 
then raised to 400° C. and the samples were ignited for one 
hour. After the samples were removed from the furnace and 
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allowed to cool, they were moistened with approximately 
1 N HNO^, evaporated to dryness, and ashed for two more 
hours at 400° C. After cooling, 10 ml. of approximately 
1 N HNO^ was added and allowed to stand for at least 30 
minutes. The sample was transferred to a 100 ml. volu­
metric flask, diluted to volume with distilled water and 
thoroughly mixed. 
To determine total phosphorus present in the solution, 
a modification of the procedure of Kitson and Mallon ( 30) 
was used. Five ml. aliquots of the solution were pipetted 
into 50 ml. test tubes. Twenty-five ml. of nitric acid-
mo lybdate- vanadate solution was added to each test tube. 
After a period of at least 30 minutes had elapsed, the 
intensity of the color developed was determined on an 
Evelyn colorimeter using a 420 filter. A standard phos­
phorus curve was used to convert percent light transmission 
to percent phosphorus in the plant material. 
To determine total potassium, a 10 ml. aliquot of the 
solution of the plant ash described above for phosphorus was 
pipetted into a 125 ml. Erlenmeyer flask. Ten ml. of a 200 
p. p. m. solution of LiNO^ was added and thoroughly mixed. 
Potassium was then determined on a Perkin-Elmer flame 
photometer. 
Since all of the sand and soil could not be removed from 
the root samples, the percent sand or soil remaining on the 
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roots was determined so that actual percentages of nitrogen, 
phosphorus and potassium In the roots could be determined. 
This was done by weighing a portion of the sample into a 
ml. porcelain crucible of known weight. The sample was 
ashed at 600° C. for three hours. After cooling, approxi­
mately 6 to 8 ml. of 1 N HNO^ was added. The sample was 
stirred and allowed to stand for 30 minutes. The super­
natant liquid was decanted, being careful not to remove 
sand grains or soil particles. Two additional washings 
were made with the HNOj. The sample was then evaporated to 
dryness and reweighed. The percent plant material in the 
sample was calculated. This figure was used to adjust the 
weights of the roots as well as the percent of nitrogen, 
phosphorus and potassium. All values for roots are reported 
on this basis. 
In addition to the percentages of total nitrogen and 
phosphorus determined, fractions of these two elements were 
separated and determined. For both nitrogen and phosphorus 
fractionation, a one gram sample of plant material was 
extracted with 100 ml. of distilled water for one hour. The 
suspension was then filtered and the extract saved. The 
residue was washed with distilled water to remove any water-
soluble fractions remaining. 
A $0 ml. aliquot of the water extract was used to 
determine the amount of nitrogen in the NH^+ form, the NHg" 
form (called hydrolyzable, pyrolyzable form), and the NOg" 
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and N0^~ forms combined. This was done by the procedure 
described by Ibert, et al. (26). The procedure consisted of 
placing the aliquot in a Kjeldahl flask and diluting to 
approximately 2$0 ml. with distilled water. An antifoam 
agent, Nekal NS (a sulfonated aliphatic polyester), was 
added. About two grams of heavy magnesium oxide were then 
added and the flask immediately placed in position for 
distillation. The fraction was distilled into a boric 
acid solution and titrated with standard acid. After cooling 
and adding more distilled water, the solution was made more 
basic by adding about 5 ml. of 40 percent sodium hydroxide, 
and redistilled. Nitrogen thus removed was called the NHg" 
form. To determine the NO^~ and NO^" fractions combined, 
the solution was again cooled and then redistilled after 
adding more distilled water and three to four grams of 
Devarda*s alloy. 
The total nitrogen percentage in the water-soluble 
fraction was also determined. This was done by taking a 20 
ml. aliquot of the extract and determining total nitrogen 
by the Kjeldahl procedure mentioned earlier for total nitro­
gen. 
The percentage nitrogen in the plant residue (non-water-
soluble nitrogen) after the water extraction was also deter­
mined on some samples by the same procedure. When it was 
found that water-soluble nitrogen plus non-water-soluble 
nitrogen (residue nitrogen) closely approximated the value 
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for the total nitrogen In the plant material originally 
determined, non-water-soluble nitrogen was determined by 
the subtraction of water-soluble nitrogen percentage from 
total nitrogen percentage. 
Water-soluble "rest" nitrogen, a term suggested by 
Loom!s and Shull (32), was determined by subtracting the 
three fractions, NH^+, NE^-, and NO^" and N0^~, from the 
water-soluble nitrogen percentage. 
For phosphorus, water-soluble and non-water-soluble 
fractions were determined. For water-soluble phosphorus, 
a portion of the water extract was treated with carbon black 
to remove the color in the extract. A 5 ml. aliquot was 
then used to determine phosphorus by the method previously 
described. 
Non-water-soluble phosphorus was determined by using the 
residue after the water extraction. The plant samples were 
dried in the filter paper, ashed and phosphorus determined 
as described previously. 
After a number of determinations, it was found, as with 
nitrogen, that the sum of the water-soluble and non-water-
soluble phosphorus fractions agreed very closely with the 
total phosphorus determined previously. Subsequently, non-
water-soluble phosphorus in the leaves is reported as the 
difference between total and water-soluble phosphorus. For 
stalks, water-soluble phosphorus is reported as the difference 
between total and non-water-soluble phosphorus. 
D. Methods of Statistical Analysis 
Statistical methods used are those given by Snedecor 
(46). 
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IV. RESULTS AMD DISCUSSION 
A. Field Experiments 
Field experiments in Iowa have shown that applied nitro­
gen may cause an increased phosphorus percentage in the sixth 
corn leaf at time of silking. Whether or not this repre­
sents an increased percentage of phosphorus in the plant or 
an increased uptake by the plant could be questioned. Hence, 
field experiments conducted at Bloomfield and Kanawha were 
utilized to take whole plant samples to study the effect of 
applied nitrogen on percent phosphorus in the plant. 
The results of these experiments are shown in Tables 3 
and 4* 
Table 3. Effect of applied nitrogen on percent nitrogen and 
phosphorus in corn at Kanawha at time of silking3. 














% N % P 
0 2.77 0.28 1.26 0.21 2.58 0.26 1.05 0.19 
30 2.89 0.30 1.52 0.23 2.82 0.30 1.51 0.22 
60 3.12 0.32 1.62 0.23 3.05 0.31 1.65 0.23 
120 3.13 0.31 1.68 0.24 3.11 0.33 1.72 0.23 
aValues are expressed as a percent on an oven-dry basis. 
Values reported for corn following oats are the means of eight 
replicates. Values for corn following corn are the means of 
12 replicates. 
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Table 4» Effect of applied nitrogen on percent nitrogen and 
phosphorus in corn at time of silking at Bloomfield8, 
Treatmentsb Sixth 'eaf Whole plant 
#N/A. #P20£/A. % N % P % N % P 
0 0 1.65 0.24 0.69 0.21 






0 60 1.81 0.32 0.81 0.30 
30 60 1.89 0.30 0.92 0.24 
60 60 2.17 0.30 1.16 0.26 
120 60 2.65 0.34 1.72 0.27 
2M> 60 2.75 0.34 1.91 0.27 
aValues are expressed as a percent on an oven-dry basis. 
Values are the means of three replicates. 
bA basic high level of K was applied. 
Applied nitrogen resulted in a significant* increase in 
nitrogen percentage in both the sixth leaf and the whole corn 
plant at both locations. Phosphorus percentage was also 
significantly increased due to applied nitrogen in both the 
sixth leaf and whole corn plant at Kanawha. At Bloomfield, 
^Unless specified otherwise, the term significant will 
indicate statistical significance at the 5 percent level and 
it will be represented by a single asterisk. The term highly 
significant will refer to a significance level of one percent 
or higher and it will be represented by double asterisks. NS 
will be used to represent non-significance. 
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increasing the level of nitrogen in the presence of applied 
phosphorus resulted first in a decrease and then in an 
increase in percent phosphorus in both the sixth leaf and 
the whole plant. 
The level of both nitrogen and phosphorus in the sixth 
leaf at the zero level of nitrogen fertilization at Kanawha 
is relatively high and is just slightly below the critical 
percentages suggested by Tyner (i+9) and Bennett (4) et al. 
The percentages in the whole plant would also appear to be 
relatively high on the basis of data obtained in subsequent 
experiments. At Bloomfield, the percent phosphorus in both 
the sixth leaf and whole plant at the zero level of nitrogen 
and 60# level of PgOc; would be considered to be high, whereas, 
the percent nitrogen would be considered to be low. 
Correlation coefficients in Table 5 show the relation­
ship between the sixth corn leaf and the whole plant in 
their chemical composition. The percent nitrogen in the 
sixth leaf and the whole plant gave a highly significant 
correlation at both locations. With corn following oats at 
Kanawha, the correlation coefficient was only 0.4492. At 
Bloomfield, percent phosphorus in the sixth leaf and whole 
plant gave a very high correlation. At Kanawha, the correla­
tion between percent phosphorus in the sixth leaf and the 
whole plant for corn following corn was only 0.4513» For corn 
following oats at Kanawha, there was no correlation between 
percent phosphorus in the sixth,leaf and whole plant. 
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Table 5» Correlation coefficients showing the relationship 
between the sixth corn leaf and the whole plant in 
their chemical composition at the time of silking. 
Experiment % N % P 
Kanawha 
Corn after corn 0.7124** 0.4513** 
Corn after oats 0.4492s*" 0.0308^S 
Bloomfield 0.7015** 0.?801** 
Total yield of fodder, grain and cob were measured for 
the Bloomfield experiment at the time of harvest. Samples 
of these three plant parts were also saved in order to 
determine the effect of nitrogen on total removal of phos­
phorus by the corn. Total removal of phosphorus is given in 
Table 6. The results show that total phosphorus removed 
increased with increasing levels of nitrogen. 
Another effect of applied nitrogen on phosphorus in 
corn was shown by the data from Bloomfield. As nitrogen 
rates increased, phosphorus percentage in the grain in­
creased but decreased in the stover. This indicated that 
applied nitrogen resulted in a greater translocation of 
phosphorus to the grain from the stover. Figure 1 shows 
this relationship. 
The percent of the total nitrogen and phosphorus in the 
whole plant that was in the grain was increased due to 
5o 
Table 6. Effect of applied nitrogen on phosphorus removed 
by corn at Bloomfield 
Treatments8, Phosphorus removed 
#N/A. #p2o5/a. #/A. 
0 0 11.8 
30 0 16.3 
0 60 17.3 
30 60 19.0 
60 60 19.9 
120 60 24.I 
21^ .0 60 24.8 
aA basic high level of K was applied. 
applied nitrogen. Table 7 shows these results. 
Prom the results of this preliminary field experimental 
work, it can be stated that applied nitrogen definitely 
increased both nitrogen and phosphorus uptake by the plant. 
Nitrogen percentage in the whole plant was also definitely 
increased by applied nitrogen. Phosphorus percentage in 
the whole plant was significantly increased by applied 
nitrogen at one location; whereas, at the other location, 
the effect was first one of decreasing percent phosphorus 
and then increasing percent phosphorus. Results also showed 
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NITROGEN APPLICATION,(LBS./A.) 
Figure 1. Effect of applied nitrogen on pércent 
phosphorus in stover and grain of corn 
grown at Bloomfield in 1955 
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Table 7. Effect of nitrogen on the percent of the total 
nitrogen and phosphorus in the plant present in 
the grain at Bloomfield 
Treatments* 
#N/A. #P20^/A. 
Percent of total 
plant nitrogen 
in the grain 
Percent of total 
plant phosphorus 
in the grain 
0 60 46 26 
30 60 49 39 
60 60 54 53 
120 60 56 63 
2^0 60 49 65 
aA basic high level of K was applied. 
nutrient status of the whole plant. The interesting rela­
tionship of increased translocation of phosphorus from the 
vegetative parts to the grain due to applied nitrogen was 
pointed out. 
B. Greenhouse Experiments 
1. Preliminary greenhouse experiment 
A preliminary greenhouse experiment was conducted to 
obtain information on the most desirable levels of nitrogen 
and phosphorus to use in nutrient solutions for growing corn. 
Two other objectives were to obtain information on the 
effect of form of nitrogen on phosphorus uptake and percent­
age and to perfect techniques for growing corn in nutrient 
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solution in the greenhouse. 
The effect of form of nitrogen and levels of nitrogen 
and phosphorus on plant growth can be noted in Table 8, 
where data are presented showing the plant height and stalk 
diameter. 
Table 8. Effect of form of nitrogen and levels of nitrogen 
and phosphorus on height and stalk diameter of 












29.0 28.1 4.6 4.9 
32.8 40.6 5.1 6.8 
32.0 30.2 5.7 6.3 
27.0 30.0 5.0 5.4 
49.8 50.4 8.4 8.8 
53.2 60.5 8.4 12.3 
29.9 29.1 5.4 5.1 
44.2 45.6 7.1 8.1 
49.9 54-8 6.9 11.0 
^Concentrations for the various levels of N and P are 
given on page 32. 
^Subscripts to N and P refer to the several levels of 
these elements in solution or added to the soil in ascending 
order, i.e., 1 is the lowest level, 2 is the next higher, etc, 
Both plant height and stalk diameter were increased by 
increasing levels of nitrogen. When nitrogen was not 
severely limiting, increasing the phosphorus level resulted 
in an increased plant height and stalk diameter. 
Form of nitrogen also had an influence. With plants 
grown on nitrate nitrogen, plant height and stalk diameter 
had their highest values; whereas, plants grown on ammonium 
nitrogen were the shortest and smallest in diameter. The 
effect of a combination of the two forms of nitrogen was 
intermediate between ammonium and nitrate nitrogen in in­
fluencing plant characteristics. Note in Table 8 that the 
plant height with the ammonium form of nitrogen at 
was decidedly shorter than at NgPg* The highest level of 
the ammonium form of nitrogen appeared to be toxic to plant 
growth. 
Results showing the effect of nitrogen, phosphorus and 
form of nitrogen on growth of corn in nutrient solution are 
given in Tables 9 and 10. Both the total green weight and 
dry weight of the corn plant were generally increased with 
increasing levels of nitrogen and phosphorus. The exceptions 
were when nitrogen or phosphorus were limiting yield. For 
example, at N^, Pg gave the same yields as P^. However, at 
Ng and Nj, increasing phosphorus over P^ gave increased 
growth. At P^, nitrogen increased yield only with the first 
added increment. At Pg, yields continued to increase with 
increasing nitrogen levels. The range of nitrogen levels 
apparently was not sufficiently wide to give a typical 
growth response curve. The effect of increasing levels of 
nitrate nitrogen on plant growth is shown in Figures 2 and 3. 
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Table 9. Effect of fora of nitrogen and levels of nitrogen 
and phosphorus on green weight of corn grown in 
first greenhouse experiment* 
Form Level First sample Second sample Third sample 
of N of N P1 P2 P1 P2 pl P2 
NH.+ 15.3 19.0 16.0 16.7 27.7 25.7 
4 
n2 32.0 36.3 19.0 43.0 21.3 48.0 
N3 34-0 34.7 12.7 16.0 26.0 13.0 
NO," Nn 16.0 9.7 14.3 21.0 28.0 35.0 5 
n2 40.7 38.0 102.0 106.3 156.0 178.3 
N3 53.3 52.3 92.3 247.3 155.7 398.7 
nI 12.3 16.0 24.0 18.7 31.3 30.7 
Wt- N2 28.7 36.3 67.0 71.3 94.3 111.0 
N3 
38.3 65.0 77.3 146.3 110.0 229.7 
^Weights given in grams per pot. See page 32 for con­
centrations for the various levels of nitrogen and phosphorus. 
Table 10. Effect of form of nitrogen and level of nitrogen 
and phosphorus on dry weight of corn grown in 















HV N1 1.3 1.7 2.7 1.7 3.7 3.7 4-
N2 3.7 4.0 2.7 6.3 4.0 9.3 
N3 2.3 4.0 2.0 3.7 4-3 4.0 
NO " Nl 1.7 1.0 2.0 2.3 4.0 4.3 j 
N2 3.7 3.7 11.7 12.0 21.3 23.3 
n3 5.3 5.3 9.7 26.7 22.0 55.3 
tNlV NI 1.3 1.7 2.7 2.3 4.0 3.7 |HOT N2 2.7 3.3 7.3 8.3 I3.3 17.3 J 
N3 3.7 6.0 9.3 17.0 14.7 33.7 
^Weights given in grams per pot. See page 32 for concen­
trations for the various levels of nitrogen and phosphorus. 
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Figure 2. The effect of levels of nitrate nitrogen on 
growth of corn at 30 days (levels of nitrate 
nitrogen increase from left to right) 
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Figure 3. The effect of levels of nitrate nitrogen on 
growth of corn at 58 days (levels of nitrate 
nitrogen increase from right to left) 
58 
The form in which nitrogen was supplied definitely in­
fluenced yield. Results from the first sample showed signif­
icant differences in green weight due to form of nitrogen 
but no difference in dry weight. However, the second and 
third sampling gave significantly higher yields when nitrate 
was used. The ammonium form gave the lowest yields, whereas, 
a combination of the two forms resulted in yields intermedi­
ate between the ammonium and nitrate form. Here is evidence 
again that the highest level of ammonium nitrogen had an 
apparent toxic effect on plant growth. The effect of form 
of nitrogen on plant growth at JO days and 58 days is shown 
in Figures 4 and 5» respectively. Plants at 30 days are 
slightly smaller when grown in ammonium nitrogen than when 
grown in nitrate nitrogen or the combination of the two 
forms. Extremely poor growth is observed for plants grown 
with ammonium nitrogen for the 58 day old plants. 
The effect of levels of nitrogen, phosphorus and form 
of nitrogen on general plant growth and appearance is of 
interest. Within 30 days after the plants had emerged, 
plants at N^, regardless of form of nitrogen, were short in 
growth, and were showing apparent nitrogen deficiency symp­
toms. At all other levels of nitrogen, the plants were 
relatively tall and dark green in color. Figures 2 and 3 
show the growth of the plants at the three levels of nitrate 
nitrogen. It can be seen in Tables 9 and 10 that the plants 
at grew little in comparison to other treatments after 
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Figure If.. The effect of form of nitrogen on the growth of 
corn plants at 30 days (form of nitrogen from 
left to right is NO^", and ^NH^+lNOj-) 
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Figure 5» The effect of form of nitrogen on the growth of 
corn plants at $8 days (form of nitrogen from 
right to left is NH^+, NO^-, and 
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the first sampling. 
Apparent phosphorus deficiency symptoms were definitely 
visible at P^ when nitrogen was in the ammonium form, regard­
less of the level of nitrogen. When nitrate nitrogen was 
present, phosphorus deficiency symptoms were present only at 
the N^P^ treatment. At the time these deficiency symptoms 
were first noted, there was only a slight difference in the 
growth of the plants due to source of nitrogen, with the 
plants grown on the ammonium form being slightly smaller 
( see Figures Ij. and 5) • 
C-eneral appearance of plants was again recorded on the 
58th day after the plants had emerged. The general effects 
of the various levels of nitrogen on plant growth were the 
same as described for the previous observations. Phosphorus 
effects were likewise similar to those noted earlier. How­
ever, differences due to source of nitrogen were greater 
than previously noted. All plants growing in solutions 
with ammonium as the source of nitrogen showed apparently 
severe nitrogen deficiency symptoms regardless of the level 
of nitrogen, and the amount of growth was small compared to 
those growing with nitrate nitrogen. Wilting was another 
characteristic exhibited by plants grown with ammonium ni­
trogen, even though the sand in the pots was still moist with 
water being available for plant growth. The wilting usually 
occurred from late morning to mid-afternoon. Those plants 
grown with nitrate nitrogen did not show any signs of wilting. 
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When plants were supplied both the ammonium and nitrate 
form, the appearance of the plants was intermediate. On 
most of these plants, the lower leaves were dying and the 
tips and outer edges of the upper leaves were turning brown. 
They exhibited a slight wilting effect, but not as severe 
as those plants grown with the ammonium form alone. 
The effect of the ammonium ion on growth was the most 
striking. One treatment, N^Pg, nitrogen in the ammo­
nium form, grew plants which were apparently normal 30 days 
after emergence. Within 45 days after emergence, these 
plants in all three replications had ceased growth and 
appeared to be dead. The effect of the ammonium nitrogen 
can be seen in Figures 4 and 5» 
When the plants were harvested and the roots examined, 
it was observed that the root growth with ammonium nitrogen 
was much less than with nitrate nitrogen. The roots of 
plants grown with ammonium nitrogen were darkened and appeared 
to be much less healthy and vigorous than the roots of plants 
grown with nitrate nitrogen. The plants were examined for 
pathogens by Iowa State College Plant Pathologists and none 
were found to be present. The effect of ammonium nitrogen 
on root growth is shown in Figure 6. 
The percent dry matter was not influenced by treatment 
at the first sampling. At the second sampling, there were 
significant differences in percent dry matter due to the 
form of nitrogen, with those plants having grown with ammo-
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Figure 6. The effect of form of nitrogen and level of 
phosphorus on root growth (nitrogen level is 
N%, phosphorus level is P% for top row and P? 
for bottom row, and form of nitrogen from left 
to right is NH^*, NO^-, and ^ NH^+^NCy-) 
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nium nitrogen being highest. By the time of the third 
sampling, there were significant differences in percent dry 
matter due to all treatments, plants grown with ammonium 
nitrogen were highest in percent dry matter. Differences 
due to levels of nitrogen and phosphorus appeared to be 
manifestations of the effect of ammonium nitrogen on plant 
growth. Percent dry matter increased with increasing 
levels of nitrogen and phosphorus when nitrogen was supplied 
in the ammonium form. Such differences were not apparent 
when nitrate was the form of nitrogen supplied the plant. 
The percent dry matter is reported in Table 11. 
Table 11. Effect of form of nitrogen and levels of nitrogen 
and phosphorus on percent dry matter of corn 











































































aData expressed as a percentage of fresh green weight. 
See page 32 for the various levels of nitrogen and phosphorus. 
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The influence of nitrogen form and levels of nitrogen 
and phosphorus on the percent nitrogen in the corn plants 
is shown in Table 12. Increasing levels of nitrogen resulted 
in a highly significant increase in nitrogen percentage in 
the corn plant, regardless of the level of phosphorus. The 
nitrogen percentage was slightly higher in general, at 
than at Pg and the differences were significant. The per­
cent of nitrogen was relatively low at and Ng. 
Form of nitrogen had a highly significant effect on the 
percent nitrogen, even though the magnitude of the differ­
ence due to form of nitrogen was not great. Generally 
speaking, plants grown with ammonium nitrogen were highest 
Table 12. Effect of form of nitrogen and levels of nitrogen 
and phosphorus on percent nitrogen in corn plants 
grown in first greenhouse experiment6 
Form Level First sample Second sample Third sample 
of N of N Px P2 P2 Pi P2 
NH. 
no3" 
N1 1.21 1.05 0.76 0.91 0.84 0.74 
N2 1.73 1.53 1.78 1.49 1.79 1.51 
*3 2.92 2.71 2.74 2.56 2.40 2.50 
N1 1.20 1.41 0.89 0.69 0.90 O.64 
N2 1.76 1.7k 1.29 1.18 1.24 1.06 
n3 2.71 2.56 2.29 1.74 1.90 1.48 
N, 1.29 1.31 0.79 0.81 0.71 0.80 
N2 1.81 1.49 1.34 1.32 1.24 1.19 
n3 2.94 2.27 2.38 1.78 2.24 1.70 
aValues expressed as percent of nitrogen on a moisture 
free basis. See page 32 for the various levels of nitrogen 
and phosphorus. 
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in percent nitrogen; whereas, the nitrate form and the com­
bination of the two gave essentially the same results. 
The biggest effect on nitrogen percentage was due to the 
level of nitrogen. 
By comparing dry weights and percent nitrogen, it can 
be seen that total nitrogen uptake was greatly increased 
by increasing levels of nitrogen, with the exception of 
in the ammonium form. 
The percent phosphorus in the corn plants is presented 
in Table 13. It is evident that the level of phosphorus had 
a very marked influence on percent phosphorus in the plant. 
Increasing levels of nitrogen resulted in a definite decrease 
Table 13. Effect of form of nitrogen and levels of nitrogen 
and phosphorus on percent phosphorus in corn 












































































aValues expressed on a moisture-free basis as percent of 
phosphorus. See page 32 for the various levels of nitrogen 
and phosphorus. 
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in phosphorus percentage. Note, however, that the magnitude 
of decrease from Ng to N^ is much less than from N^ to Ng. 
The only exception to the decreased phosphorus percentage 
due to increased nitrogen was at N^ in the ammonium form, 
in which the percent phosphorus increased over that of the 
Ng level. It should be kept in mind, however, that N^ in 
the ammonium form had an apparent toxic effect on plant 
growth. 
Total uptake of phosphorus at different nitrogen levels 
is of interest. This data is presented graphically in 
Figure 7* Even though phosphorus percentage was decreased 
with increasing levels of nitrogen, total phosphorus uptake 
at Pg was definitely increased with increasing nitrogen 
levels. At P^, only nitrate nitrogen at Ng gave an increase 
in total phosphorus uptake. N^ gave no further increase in 
total phosphorus uptake at P^. 
Form of nitrogen had a significant effect on phosphorus 
percentage in the second and third samplings. Phosphorus 
percentage was highest when nitrogen was supplied in the 
ammonium form and lowest when nitrogen was supplied as 
nitrate. It was intermediate with the combination of the 
two forms. 
The percent potassium with the various treatments is 
shown in Table 14. Levels of nitrogen significantly in­
fluenced the percent potassium in the plant. The effect was 
generally one of decreasing percent potassium with increasing 
Figure ?. Effect of nitrogen and phosphorus on total 
phosphorus uptake by corn grown in nutrient 
solution sand culture in first greenhouse 
experiment 
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Table II4.. Effect of form of nitrogen and level of nitrogen 
and phosphorus on percent potassium in corn plants 











































































aValues expressed on a moisture-free basis as the 
percent of potassium. See page 32 for various levels of 
nitrogen and phosphorus. 
nitrogen, even though in some instances, it was increased. 
Phosphorus had no significant effect on percent potassium. 
Form of nitrogen significantly influenced potassium 
percentage. Plants grown with nitrate nitrogen were generally 
higher in percent potassium than those grown with ammonium 
nitrogen. The combination of the two forms was intermediate 
in its effect on percent potassium. 
The time of sampling influenced both green and dry 
weights, as would be expected, as well as the percent nitro­
gen, phosphorus, and potassium. It can be seen, however, 
that all three samples showed similar effects and trends due 
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to the various treatments. The second and third sampling 
were quite similar in percent nitrogen, phosphorus and 
potassium. 
A summary of the analyses of variance showing the 
effect of the various treatments on yield and plant com­
position is given in Table 15. 
In summarizing the results of the preliminary green­
house experiment, information needed for future greenhouse 
experiments was obtained. In general, the effects of in­
creasing levels of nitrogen and phosphorus on yields are 
similar to results often observed in the field, in that 
yields were increased with increasing levels of these two 
elements. However, the diminishing response portion of the 
yield curve was not reached, indicating that levels of 
nitrogen were not sufficiently high for maximum growth. The 
second level of phosphorus was sufficient for the highest 
level of nitrogen. Higher levels of nitrogen, however, 
might result in a need for higher levels of phosphorus. 
and P^ were sufficiently low to insure levels which would 
limit growth. 
Percent phosphorus generally decreased with increasing 
levels of nitrogen. This decrease could possibly be ex­
plained by the fact that levels of nitrogen were not high 
enough to give the effect of nitrogen increasing percent 
phosphorus. This explanation for the decreased percent phos­
phorus is supported by the fact that the plant growth curve 
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Table 1$. A summary of the analyses of variance showing the 
effect of various treatments on yield and plant 
composition in first greenhouse experiment 












Nitrogen (N) •H-K •JHî- NS •iB* •ÎBC- NS 
Phosphorus (P) •M- * NS *• 4B* NS 
Form of N (P) •K-K NS •NS NS NS •îBr 
N x P * NS NS NS NS NS 
N x F iHr •ÎBC- NS NS NS •s* 
P X F ** NS NS NS NS NS 
N x P x F •ÎB* •ÎHi- NS NS NS NS 
N ** iBc NS •ÎB* •iB* 
P ** SBi- NS SB* •SB* NS 
F ** iB3 •SB* 4H:- •sa* 
N x P ** •iHr -M-;:- •ÎHC- •SB* NS 
N x F ** •SBî- * •SBÎ- iB* ->Bi-
P x F ** •5HÎ- NS * •SB* NS 
N x P x F •$B*r •SB* •sb:- •SB* •iB* NS 
N 
1 
•JHC- •SB* iB* 4B* •SB* •SB* 
P ** •ÎB:- -ÎHC- iB3 iB* NS 
F ÎWr iB* •ÎBc ** •>B* •SB* 
N x P •SB* •ÎHô •SK- NS •SB* S* 
N x F «-Si- •vHc iB* •SB* 4B* 
P x F iHr -SB$- -x-x- NS •SB* NS 
N x P x F -.Hi- •SHi- •ÎK- •JHJ- •sb* •s* 
remained linear with increased nitrogen levels. Additional 
evidence supporting this explanation is the fact that the 
percent phosphorus at the first sampling remained constant 
with increasing nitrogen levels. At the time of the first 
sampling, nitrogen and phosphorus were sufficiently high for 
good growth. It should also be pointed out that percent 
phosphorus decreased less when nitrogen was increased from 
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Ng to than it did when nitrogen was increased from N^_ 
to 
As a result of these effects, it was decided to increase 
the concentration levels and number of levels of both nitro­
gen and phosphorus for a future experiment. 
An additional experiment was planned as a further study 
of the effect of ammonium and nitrate nitrogen on plant 
growth because there were big differences in plant growth 
due to form of nitrogen used. 
2. Experiment on the effect of form of nitrogen on plant 
growth 
The results of the preliminary greenhouse experiment 
showed that the growth of corn in a nutrient solution sand 
culture was influenced by the form in which nitrogen was 
supplied to the plant. This experiment was conducted to 
further study the effect of form of nitrogen on the growth 
and chemical composition of corn. 
Differences due to form of nitrogen first appeared 3 
weeks after emergence. These differences were apparent 
phosphorus deficiency symptoms on plants grown with ammonium 
nitrogen, whereas, plants grown with nitrate nitrogen did not 
exhibit this apparent deficiency. No differences in vegeta­
tive growth due to the form of nitrogen were apparent at this 
stage. 
Visual appearance of the plants was again noted at Ij. 
weeks of growth. At this time, plants grown with ammonium 
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nitrogen were smaller in height than those grown with nitrate 
nitrogen. Apparent phosphorus deficiency symptoms were still 
present in plants grown with ammonium nitrogen, and a few of 
the plants grown with nitrate nitrogen exhibited a very slight 
reddening of the upper leaves. The lower leaves of plants 
grown with ammonium nitrogen turned brown, with the whole 
leaf in some cases apparently dead. These characteristics 
of plants grown with ammonium nitrogen were similar to 
characteristics exhibited by plants grown with similar treat­
ments in the first greenhouse experiment. 
After noting the characteristics of the plants at four 
weeks, the four plants inside the plastic sack were harvested. 
The results of this harvest and the chemical composition of 
the plants are given in Table 16. 
The green weight of the tops and dry weight of both tops 
and roots were higher when the plants were grown with nitrate 
nitrogen. The percent dry matter, however, was higher when 
ammonium nitrogen was used than when nitrate nitrogen was 
used. 
The percent nitrogen and phosphorus in the plant tops 
were not significantly influenced by the form of nitrogen 
used. The form of nitrogen had a highly significant effect 
on the percentage of these two elements in the roots with the 
percentages being greater when the plants were grown with 
ammonium nitrogen than with nitrate nitrogen. Percent 
potassium in the tops of the plants was higher when grown 
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Table 16. Effect of form of nitrogen on growth and chemical 




Form of nitrogen 




Green weight 23.5 17.7 ** 
Dry weight 3.0 2.7 iHt 
% dry matter 13.1 15.2 •it-# 
% nitrogen 1.92 2.04 NS 
% phosphorus 0.12 0.12 NS 
% potassium 4«26 3.45 ** 
Roots 
Dry weight 2.8 2.1 ** 
% nitrogen 1.50 2.05 ** 
% phosphorus 0.10 0.17 ** 
aValues for weights are expressed in grams per pot. 
Values for percentages are expressed on an oven-dry basis. 
Each value is the mean 6f 24 replicates. 
with nitrate than with ammonium as the form of nitrogen. 
New treatments, which included levels of nitrogen, levels 
of phosphorus and a change in the form of nitrogen for some 
pots, were established for the experiment after the first 
sampling. Visual appearance of the plants was recorded one 
week after the new treatments were established. Plants 
which were kept on ammonium nitrogen continued to show 
apparent phosphorus deficiency symptoms, even though a high 
level of phosphorus was supplied to some plants in the new 
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solutions. The plants grown with ammonium nitrogen were 
still relatively small compared to those continuing to grow 
with nitrate nitrogen. Those plants remaining on nitrate 
nitrogen appeared to be normal plants, except that some con­
tinued to show what appeared to be very slight phosphorus 
deficiency symptoms. 
When the plants which were started with ammonium nitro­
gen were changed to nitrate nitrogen, they became more nor­
mal in appearance and seemed to resume more normal growth, 
even within one week after the change in form of nitrogen. 
However, they continued to show the phosphorus deficiency 
symptoms and dying of the lower leaves. Plants started with 
nitrate nitrogen and changed to ammonium nitrogen started 
showing symptoms typical of those plants which were started 
on ammonium nitrogen, i.e., apparent phosphorus deficiency 
symptoms and retarded growth. 
Plants continued with ammonium nitrogen generally ex­
hibited apparent phosphorus deficiency symptoms, whereas, 
those continued with nitrate nitrogen generally did not. 
Whether or not these symptoms were due to a phosphorus 
deficiency in the plant was not certain. At the first 
sampling, plants grown with ammonium nitrogen and plants 
grown with nitrate nitrogen both contained 0.12 percent phos­
phorus, which is a level of phosphorus that would be con­
sidered to be low and could possibly result in phosphorus 
deficiency symptoms. In the second sampling, plants con­
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taining 0.30 percent phosphorus or more still exhibited these 
apparent phosphorus deficiency symptoms when grown with ammo­
nium nitrogen. This level of phosphorus in the plant would be 
considered to be adequate. It should also be mentioned that 
these apparent phosphorus deficiency symptoms were noted on 
the lower and middle leaves as well as the upper leaves. 
The effect of nitrogen levels and form of nitrogen on 
growth of the corn at lj.6 days is given in Table 17. These 
results substantiate the observations made earlier. Plant 
yields of both green and dry weight were greatest when 
started with nitrate nitrogen and continued with this form, 
and were lowest when supplied with ammonium nitrogen con­
tinuously during the experiment. 
Plants that were started with nitrate nitrogen and 
changed to ammonium nitrogen yielded higher than did plants 
started with ammonium nitrogen and changed to nitrate 
nitrogen. Plants in this group did not yield as high as 
those grown with nitrate continuously or as low as those 
grown with ammonium continuously. These relationships are 
shown in Figure 8, which also indicates that the initial 
form of nitrogen was more important in influencing growth 
than was the final form of nitrogen. It can also be seen 
from this figure that changing from ammonium to nitrate 
nitrogen did not result in a full recovery of the plant from 
the effects of the ammonium nitrogen during the first four 
Table 17. Effect of form of nitrogen and levels of nitrogen and phosphorus on 
growth of corn at 46 days in second greenhouse experiment* 
Final treatment Green weight Dry weight Percent dry matter 
Levels Form NOj-% NH^+b NOj- Nv N0j- NH. + 4 
Ni P1 NO ~ 220.5 115.0 25.5 15.0 11.6 13.0 X X NH^  181.0 137.5 22.5 18.0 12.4 13.1 
Pp NO," 221.0 125.0 27.0 15.0 12.2 12.1 d. NH 203.5 103.5 25.5 13.5 12.5 13.0 
N2 P1 NO-)"" 232.5 153.0 24.5 15.5 10.5 10.1 181.5 97.0 21.5 13.5 11.8 14.1 
P2 N0o~ 319.5 188.5 35.0 20.0 10.9 10.6 
NHft- 213.5 116.0 27.0 16.0 12.6 14.0 
N3 P, m-r 273.0 165.0 27.5 17.0 10.1 10.2 J -L 135.0 69.5 17.0 20.0 12.7 28.8 
PP NO.- 1*47.5 261|.5 45.5 25.0 10.2 9.5 c.
NHjJ* 175.0 93.0 22.5 13.0 12.8 14.0 
aValues for weights expressed as grams per pot. 
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Figure 8. Effect of form of nitrogen on dry matter 
yield of corn grown in nutrient solution 
sand culture at two dates in second 
greenhouse experiment (yields at 46 days 
are averages over all nitrogen and phos­
phorus treatments) 
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weeks of growth. This is substantiated by the fact that the 
plants grown with nitrate nitrogen as the final form and 
ammonium as the initial form yielded much less than did 
those plants where nitrate was the only form throughout the 
experiment, even though the magnitude of difference in 
growth due to form of nitrogen was small at four weeks of 
growth. Both initial and final form of nitrogen had a 
highly significant effect on green and dry weights. 
Increasing levels of nitrogen and phosphorus had a 
highly significant effect on both green and dry weights, 
with all main effect interactions involving nitrogen and 
phosphorus being significant. The general effects of nitro­
gen and phosphorus in the presence of nitrate nitrogen were 
to increase both green and dry weight, whereas, in the 
presence of ammonium nitrogen, green and dry weights were 
usually decreased. The subplot treatments, which were the 
initial form of nitrogen, interacted with some of the main 
plot treatments at a highly significant level, indicating 
that responses to the main treatments of phosphorus and final 
form of nitrogen depended on the initial form of nitrogen. 
All treatments and interactions had a highly signifi­
cant effect on percent dry matter. Increasing nitrogen as 
nitrate at both and Pg decreased percent dry matter, with 
the effect being slightly greater at Pg. The magnitude of 
this decrease was greater with the initial form of nitrogen 
being ammonium. Increasing nitrogen as ammonium generally 
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increased percent dry matter at both p^ and Pg, with the 
initial form of nitrogen as ammonium giving the greatest 
increase. The form of nitrogen supplied the plant definitely 
influenced percent dry matter, with ammonium nitrogen re­
sulting in a larger percent dry matter than did nitrate. 
It was not possible to determine whether or not the 
differences in dry matter percentages were due to decreased 
physiological activity of the plant or to an impairment of 
water absorption by the plant or water movement in the plant. 
Plants grown with ammonium nitrogen in the first greenhouse 
experiment would wilt during the day indicating that they did 
not absorb and/or transport moisture during this period as 
fast as it was being transpired even though moisture was 
still present in the growing medium. It was observed that 
smaller quantities of water were utilized by plants grown 
with ammonium nitrogen than those grown with nitrate nitro­
gen. Plants grown with nitrate nitrogen did not exhibit 
wilting as did those plants grown with ammonium nitrogen. 
The effect of form of nitrogen and levels of nitrogen 
and phosphorus on the chemical composition of the corn plant 
is shown in Table 18. 
The level of nitrogen and initial form of nitrogen had a 
highly significant influence on percent nitrogen in the plant, 
while all other treatments had no significant effects. Per­
cent nitrogen increased with increasing nitrogen levels and 
Table 18. Effect of form of nitrogen and levels of nitrogen and phosphorus on 
chemical composition of corn at lj.6 days in second greenhouse experiment8 
Final treatment Percent nitrogen Percent phosphorus Percent potassium 
Levels Form NO^-b NH^+b NO3- NO3~ Mk* 
Ni Pi NO,- 0.75 0.93 0.12 0.13 4.28 3.70 
NHjJ* 0.80 0.85 0.11 0.10 3.61 3.10 
PP NO - 0.72 1.01 0.34 0.40 3.72 3.59 C 0.8 2 0.84 0.36 0.36 3.59 3.28 
N2 Pi N0o~ 1.20 1.56 0.12 0.12 4.58 4.31 
1.23 I.63 0.10 0.11 3.76 3.80 
Pp N0o~ 1.22 1.40 0.37 0.33 4.12 4.03 c. 
NH£* 1.31+ l.if.8 0.29 0.31 3.02 3.16 
No Pi NOV 1.86 2.04 0.11 0.12 4.44 4.33 i x NH^  1.81 2.14 0.12 0.12 3.47 3.92 
Pp NOn- 1.60 2.06 0.36 0.40 3.99 4.47 d 
NHjJ* 1.92 1.84 0.41 0.32 3.30 3.42 
aValues expressed as a percent on an oven-dry basis. 
^Initial form of nitrogen. 
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was higher when the initial form of nitrogen was ammonium. 
Percent phosphorus was affected at a highly significant 
level by the level of phosphorus, in that percent phosphorus 
was greatly increased when phosphorus in the growing solu­
tion was increased. 
Percent potassium in the plant was affected at a highly 
significant level by the level of phosphorus and final form 
of nitrogen. The effect of increasing the level of phos­
phorus was one of decreasing percent potassium in the plant. 
Nitrate nitrogen as the final form resulted in a higher 
percent potassium than did the ammonium form. The level of 
nitrogen x initial form of nitrogen interaction was highly 
significant, with the nitrate form at resulting in a 
higher level of percent potassium, whereas, at N^, the 
ammonium form resulted in a higher level of potassium. 
Differences due to initial form of nitrogen at Ng were 
small. 
Results of the first two greenhouse experiments on the 
effect of form of nitrogen on percent potassium lends support 
to the theory of ion antagonism. In the first experiment, 
percent potassium was higher in plants grown with nitrate 
nitrogen than those grown with ammonium nitrogen, while 
plants grown with the combination of the two forms were 
intermediate in percent potassium. In the second green­
house experiment, plants harvested at four weeks were 
higher in percent potassium when grown with nitrate nitrogen 
81+ 
than with ammonium nitrogen, and, at the later harvest, the 
same effect was noted due to final form of nitrogen. The 
same effect was also noted for the initial form of nitro­
gen at N%, but at Nj the effect was reversed in that percent 
potassium was higher with ammonium as the initial form. 
However, it should be pointed out that plants grown with the 
ammonium form at apparently did not grow normally and, 
as a result, total potassium uptake at Nj was only 0.7& 
grams per pot when ammonium nitrogen was the initial form, 
whereas, with nitrate nitrogen as the initial form, total 
potassium uptake was 1.07 grams per pot. The results from 
these first two experiments from the standpoint of nitrogen-
potassium relationships are in agreement with the results 
of Pierre and Bower (1+3) as well as the results of others as 
cited by these two workers. 
The effect of form of nitrogen and levels of nitrogen 
and phosphorus on the growth and chemical composition of the 
roots is given in Table 19. Both initial and final form 
of nitrogen had a highly significant effect on the weight 
of the roots, with this value being higher when nitrate 
nitrogen was the initial as well as the final form of nitro­
gen. Phosphorus had a significant effect on weight of the 
roots in that weight increased slightly with increasing phos­
phorus. 
The level of nitrogen and the initial and final form of 
nitrogen had a highly significant effect on percent nitrogen. 
Table 19. The effect of form of nitrogen and levels of nitrogen and phosphorus on 
growth and chemical composition of corn roots at I|.6 days in second green 
house experiment8. 
Final treatment Dry weight Percent nitrogen Percent phosphorus 
Levels Form NH^+b NO^- N%+ NO^" NH^+ 










































































aValues for dry weight are expressed as grams per pot. Percentages are expressed 
on an oven-dry basis. Dry weights and percentages have been adjusted to reflect values 
for actual plant material. 
^Initial form of nitrogen. 
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Increasing nitrogen levels resulted in a higher percent 
nitrogen, while nitrogen in the ammonium form, both initial 
and final, resulted in a higher percent nitrogen than did 
nitrate nitrogen. The interaction of initial form x final 
form of nitrogen and the three-level interaction of initial 
form x final form x level of nitrogen were significant. 
Supplying ammonium nitrogen in both initial and final form 
coupled with increasing nitrogen levels generally resulted 
in increased percent nitrogen. 
The level of phosphorus and the nitrogen x phosphorus 
interaction were highly significant in the effect on percent 
phosphorus in the roots, whereas, level of nitrogen was 
significant at the 0.05 probability level. Increasing the 
level of phosphorus greatly increased the percent phos­
phorus. Increasing nitrogen gave an increase in percent 
phosphorus at P^, whereas, at Pg, nitrogen gave a decrease 
in percent phosphorus. The interaction for initial x final 
form of nitrogen as well as the interaction for initial 
form x final form x level of phosphorus were significant. 
A summary of the analyses of variance showing the 
significance levels of the various treatments is given in 
Table 20. 
The appearance of the roots of plants grown in this 
experiment, shown in Figures 9, 10, 11, and 12, was similar 
to those grown in the first greenhouse experiment. Roots of 
Table 20. Summary of the analyses of variance showing the level of significance of 
treatments in the second greenhouse experiment. 
Source Tops Roots 
of Green Dry % dry % % % Dry % % 
variation weight weight matter N P K weight N P 
Nitrogen level (N) ** NS NS NS •>Kr «• 
Phosphorus level (P) •ÎKt- -5H5- •JHfr NS it* ** * NS 
Final form of N F(f) iW •ÎH:- •$H;- NS NS -SBS- NS 
N x P •ÎHÎ- * iHc NS NS NS NS ** 
N x F(f) •SKi- -ÎKS- •ÎHÎ NS NS NS NS NS NS 
P x F(f) •5B5- •$Bfr NS NS NS NS NS NS 
N x P x F(f) * ** NS NS NS NS NS NS 
Initial form of N F(i) •SB!- •iS> -$H:- iHr NS NS •tHS- ** NS 
F(i) x N NS NS -:K;- NS vHv NS NS NS 
F(i) x P ** ** -ÎK5- NS NS NS NS NS NS 
F(i) x F(f) ** •ÎHfr •SB* NS NS NS NS # * 
F(i) x N x P NS NS •JHc NS NS NS NS NS NS 
F(i) x N x F(f) NS ** NS NS NS NS * NS 
F(i) x P x F(f) NS NS -îHt- NS * NS NS NS -M-
F(i) x N x P x F(f) * NS •SK:- NS •ÎHÎ- NS NS NS NS 
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Figure 9. Effect of form and level of nitrogen on root 
growth of corn (upper row started with ammonium 
nitrogen, lower row started with nitrate nitrogen, 
final form was ammonium for all roots, nitrogen 
level increases from left to right, and level of 
phosphorus is P^) 
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Figure 10. Effect of form and level of nitrogen on root 
growth of corn (upper row started with ammonium 
and lower row started with nitrate, with final 
form being nitrate, level of nitrogen increases 
from left to right and phosphorus level is P^) 
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Figure 11. Effect of form and level of nitrogen on root 
growth of corn (upper row started with ammonium 
and lower row started with nitrate, with final 
form being ammonium, nitrogen level increases 
from left to right, and level of phosphorus is 
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Figure 12. Effect of form and level of nitrogen on root 
growth of corn (upper row started with ammonium 
and lower row started with nitrate with final 
form being nitrate, nitrogen level increases 
from left to right, and level of phosphorus 
is P2) 
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plants grown with nitrate nitrogen as the initial form, were 
larger and appeared to be more normal than the roots of 
plants grown with ammonium nitrogen as the initial form. 
It can also be seen that roots of plants grown with nitrate 
nitrogen as the final form were larger than those grown with 
ammonium nitrogen as the final form. 
Notice in Figure 9 that the roots from treatments 5 
and 6, Nj of ammonium nitrogen as the final form, are the 
smallest of those shown. Roots of plants shown in Figure 11 
from treatments 17 and 18, also Nj of the ammonium form, 
were each the smallest within their respective groups of 
initial source of nitrogen. 
It was observed that roots of plants switched from one 
form of nitrogen to another form showed differences between 
the top and bottom portion of the roots. Plants grown 
initially with ammonium nitrogen and then switched to nitrate 
nitrogen, exemplified by treatment 10 in Figure 10, had roots 
in which the upper part was darker and had sparser growth 
than the lower portion. Plants started with nitrate nitro­
gen and switched to ammonium nitrogen had roots which ex­
hibited the opposite growth pattern as shown in treatment 15 
and 17 in Figure 11. 
In general, the results of this and the first green­
house experiment have shown that corn growing in nutrient 
solution sand culture in the greenhouse made considerably more 
growth when nitrogen was supplied as the nitrate form than 
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when nitrogen was supplied as the ammonium form. It was 
also evident that plants ceased growth prematurely when 
nitrogen was supplied at high rates in the ammonium form. 
Similar effects of form of nitrogen on plant growth 
have been observed by other workers. Evans and Weeks (19), 
working with tobacco, reported six times as much dry plant 
material produced by plants grown with nitrate nitrogen 
than with ammonium nitrogen. Arnon (2) found differences 
in barley growth in favor of nitrate nitrogen. Holley 
et al. (25) reported similar results with cotton. 
The reason for better growth of some plant species 
with nitrate nitrogen than with ammonium nitrogen has been 
suggested by several workers as being related to the oxida-
tion-reduction mechanism of plants. It is known that the 
nitrate ion is reduced to an ammonium ion within the plant. 
Arnon (1), in discussing his results obtained with nitrate 
and ammonium nitrogen, points out that, according to others, 
nitrate is a very effective oxidizing agent. For every 
nitrate ion reduced to ammonium, two carbon atoms are oxi­
dized with a release of 662,000 calories. Of this energy, 
only 30 percent is used in the reduction of nitrate to ammo­
nium. Thus, Arnon says, when the ammonium form is used, the 
plant is deprived of an oxidizing agent. This is substan­
tiated by Arnon's work with barley grown in straight nutrient 
solution culture where he improved the growth of the plants 
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grown with ammonium by either bubbling air through the solu­
tion, or adding minute quantities of certain heavy metals. 
The presence of air would provide an oxidizing agent for the 
plant. Heavy metals that were used, Arnon points out, were 
capable of assuming several valences, thus exercising a 
catalytic function in oxidation-reduction processes. 
It should be pointed out that plants in this greenhouse 
experiment should have been well aerated due to the type of 
system used. Heavy metals in the growing solutions con­
sisted of 0.4-3 p. p• m. of manganese, 0.005 p. p. m. of cop­
per and 0.02 p. p. m. of molybdenum. The levels used by 
Arnon (1) were 0.5 P« p. m. of manganese, 0.05 p. p. m. of 
copper and 0.05 p. p. m. of molybdenum. Heavy metals in the 
growing solutions for this greenhouse experiment, particu­
larly manganese and molybdenum, should have been sufficiently 
high to give the same effect noted by Arnon. 
Nightingale (4l) and Vladimirov (52) also suggest some­
what the same reasons as Arnon for the differences in growth 
of plants due to the form of nitrogen supplied to the plants. 
Nightingale (4l) points out that if the concentration of 
nitrate nitrogen in the plant is low, its reduction is not 
so efficiently or freely effected as when nitrate nitrogen 
is higher. Vladimirov (52) concluded from his work that 
"nitrate nitrogen, being an oxidized form, creates in the 
plant organism conditions conducive to the intensification 
of the oxidation process, in contradistinction to the ammo-
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ilium, or reduced form, which, in the plant organism, gives 
rise to conditions less favorable to the production and 
storage of organic acids in general and citric acid in 
particular". Evans and Weeks (19) also suggest that the 
stages of oxidation-reduction are different depending on 
the form of nitrogen. 
From the conclusions of these workers, it is fairly 
evident that nitrate nitrogen not only serves as a source 
of nitrogen for the plant but the nitrate reduction process 
may be necessary for certain physiological processes to 
occur. 
From the results of the first and second greenhouse 
experiment, it was definitely decided that nitrate nitrogen 
should be the form of nitrogen to use in the third green­
house experiment to further study the nitrogen-phosphorus 
relationships within corn plants. 
3. Experiment on the effect of nitrogen on phosphorus 
uptake by corn grown in sand and soil 
The third greenhouse experiment was conducted to pro­
vide additional information on the effect of nitrogen on 
phosphorus uptake and on the nitrogen-phosphorus relation­
ships within the plant as influenced by both nitrogen and 
phosphorus in the growing medium. A previous greenhouse 
experiment had indicated that increasing nitrogen in a 
nutrient solution sand culture may not increase percent 
phosphorus, hence, the experiment was designed utilizing 
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not only the sand culture technique for growing corn but 
also a soil on which corn is known to respond to nitrogen 
and phosphorus fertilization in the field. 
Dry matter yields for the sixth leaf, leaves*, stalks 
and roots as well as total dry matter yields for this experi­
ment are given in Table 21 for plants grown in sand culture. 
This table shows that total dry matter yields of plants 
grown in sand culture greatly increased when nitrogen was 
increased from to Ng regardless of phosphorus level. 
When nitrogen was increased to total dry matter yields 
at stayed the same, but at Pg and P^, they continued to 
increase. With further increases in nitrogen, yields at all 
three phosphorus levels showed no consistent increase or 
decrease. Total dry matter yields were increased consider­
ably when P^ was increased to Pg, except at but when 
phosphorus was increased to P^ there were no further effects 
on total dry matter yield. The effect of nitrogen and phos­
phorus on the dry matter yields of the plant parts was 
similar to the effect on total dry matter yields. 
Corn plants grown in nutrient solution sand culture in 
the experiment were more normal in appearance than those 
grown in nutrient solution sand culture in the first green­
house experiment, in that they were darker green and the 
^Hereinafter, the term leaves will be used throughout 
the test to indicate all leaves except the sixth leaf. 
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Table 21. Effect of levels of nitrogen and phosphorus on dry 
matter yield of corn plant and total dry matter 
yields of corn plants grown in nutrient solution 
sand culture in third greenhouse experiment8 
Treatment^ Sixth Leaves Stalks Roots Total 
leaf 
% Pi 
N2 pi I S  
I I  
k6 4 
Hi P3 
ï§ I3 % l\ 
n6 3^ 
2.7 8.0 8.3 7.7 26.7 
4.6 20.7 19.0 15.4 59.7 
4.5 20.7 18.3 15.7 59.2 
4.8 21.0 18.7 15.5 60.0 
4.7 20.3 17.7 15.2 57.9 
4.4 19.3 16.0 14.3 54.0 
2.9 9.0 9.3 8.8 30.0 
5.5 27.3 22.3 14.1 69.2 
6.3 34.7 25.3 13.1 79.4 
6.1 33.0 26.0 17.4 82.5 
6.5 36.0 26.3 14.2 83.0 
6.2 31.0 22 .7 15.6 75.5 
2.6 9.0 8.3 10.7 30.8 
5.8 29.3 24.0 16.1 77.2 
6.1 35.7 29.0 17.3 88.1 
5.7 29.0 21.3 11.3 67.3 
6.2 32.7 23.3 12.9 75.1 
6.1 31.0 22,7 13.8 73.6 
aAll values are expressed as grams per pot. 
bFor treatment levels, see page 37. 
stalks were thicker in diameter and less elongated than 
plants in the first experiment. Figure 13 gives an indica 
tion of the type of plants grown and can be compared to 
Figure 3 on page 57* Figure 13 also shows the response to 
nitrogen at P^. A comparison of dry matter yields for the 
first and third greenhouse experiments also indicates the 
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Figure 13. Effect of nitrogen on growth of corn in nutrient 
solution sand culture in third greenhouse ex­
periment (treatments from left to right are 
Nl?2f N3P2 and • 
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relative growth and vigor of corn plants in the third ex­
periment. Plants at 52 days grown with nitrate nitrogen 
at N^Pg in the first experiment yielded 26.7 grams of dry 
matter per pot with two stalks of corn, whereas, the maxi­
mum dry matter yield at l\.J days in the third experiment 
was 70.8 grams per pot for four plants at N^P^, which is 
treatment l£ in Figure 13. 
Successful growth of corn in nutrient solution sand 
culture to give dry matter yield increases similar to the 
ones obtained was one of the aims of the experiment. It 
was felt that this type of yield response would be needed 
to elucidate nitrogen-phosphorus relationships in the corn 
plant. It will be recalled that, in the first greenhouse 
experiment, yields increased linearly with increasing ni­
trogen levels. 
The soil used in this experiment, an Ida silt loam 
subsoil, is one to which nitrogen or phosphorus applied 
alone usually gives little or no increase in yield. When 
nitrogen and phosphorus are both applied, yield increases 
generally occurred. This interaction of nitrogen and phos­
phorus was exhibited in this experiment and can be seen in 
Table 22. When no nitrogen was applied, increasing phos­
phorus rates resulted in slight increases in dry matter 
yield. Applied nitrogen did not increase dry matter 
yields in the absence of applied phosphorus. However, when 
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Table 22. Effect of levels of nitrogen and phosphorus on 
dry matter yields of corn plant parts and total 
dry matter yields of corn plants grown in Ida 
silt loam subsoil8. 
Rate*3 of Sixth 
N P leaf Leaves Stalks Roots Total 
0 0  0 .4  1.8 1.6 1.6 
200 0 O.4  1.9 1.5  0.8 
400 0 C  1.2  
600 0°  0 .9  
800 0°  0 .7  
1000 0°  0.8 
0 300 0.5  2.0 2.3 2.1  
200 300 4-4  17.3  20.7 13.0 
400 300 4.0 19.0 19.7  13 .7  
600 300 3.5  15.3  15 .7  9 .4  
800 300 3.4  15.7  15 .3  7 .8  
1000 300 2.9 13.3  12.0 6.2 
0 600 0.5 1.7 5.2  2.2 
200 600 3.8  16.7 19.0  9 .4  
400 600 3.7  17 .7  15 .7  10.1 
600 600 3.5  17.7 16.7  8.8 
800 600 2.9 13.7 11.7  6 .8  












9 .6  
48 .9  
47 .2  
46 .7  
35 .1  
25.2 
aAll values are expressed in grams per pot. 
bRates are given in pounds per two million pounds of 
soil. 
cPlants grown with these treatments did not grow nor­
mally and had to be harvested earlier than the rest of the 
plants in the experiment. Due to this failure to grow 
normally, the results from these treatments were of little 
value and all Pq treatments will not be listed in subsequent 
tables. 
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nitrogen was applied in the presence of applied phosphorus, 
total dry matter yields increased considerably at In­
creasing applied nitrogen above resulted in decreases in 
total dry matter yields at and P^. The effect of nitro­
gen and phosphorus on dry matter yields of the various plant 
parts was similar to the effects on total dry matter yield. 
When nitrogen rates were Ng or above at pQ, the plants 
failed to survive to the end of the experiment. It was 
necessary to harvest these plants early and, therefore, the 
results from these treatments cannot be used for completely 
valid comparisons of yield and chemical composition. Hence, 
values on yield, except for those given in Table 22, and the 
values on the chemical composition of the plants at pq in 
soil will not be reported or discussed. 
Highest dry matter yields were obtained at and 
even though the plants at N]_ were beginning to show symptoms 
which were typical of a nitrogen deficiency. It is felt 
that these were true nitrogen deficiency symptoms for two 
reasons, one being that the percent nitrogen in the leaves 
was only 1.37 percent. The second reason is that there 
was very little nitrate nitrogen left in the soil. Iowa 
State College Soil Testing Laboratory results showed a 
value of less than one pound of nitrate nitrogen per 
2,000,000 pounds of soil in samples taken from the six pots 
which had received Eg in addition to some phosphorus. Soil 
which had received N£ but no phosphorus still contained an 
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average of 130 pounds of nitrate nitrogen per 2,000,000 
pounds of soil. Plant growth was extremely poor with this 
treatment as can be noted in Table 22. Plants at and 
at p^ and Pg appeared to be suffering from excess salt 
in the growing medium. The plants at these rates of nitro­
gen would wilt in the hot part of the day, whereas, those 
at the lower rates of nitrogen did not. 
A summary of the analyses of variance showing the 
significance of the different treatments is given in Table 
23. 
The effect of rates of nitrogen and phosphorus on per­
cent total nitrogen in the sixth leaf and roots of plants 
grown in both sand culture and soil is given in Tables 21+ 
and 25, respectively, whereas, the effect on percent total 
nitrogen in the leaves and stalks of plants grown in both 
sand culture and soil is shown in Figures llj. and 15. In­
creases in percent nitrogen due to increasing levels of 
nitrogen were significant at the 0.01 probability level for 
all plant parts grown in either sand culture or soil, except 
for percent nitrogen in roots of plants grown in soil where 
the effect was significant at the 0.0$ probability level. 
For plants grown in sand culture, percent total nitrogen in 
the sixth leaf and leaves tended to level off at and 
remained fairly constant at the higher levels of nitrogen, 
whereas, for the stalks, the percent total nitrogen continued 
Table 23. A summary of the analyses of variance showing the significance levels for 
the effect of nitrogen and phosphorus on the green weight and dry weight 





Nitrogen Phosphorus N x P 
(N) (P) 
Soil 










































Table 21+. Effect of levels of nitrogen and phosphorus on 
percent nitrogen in the sixth leaf and roots of 
plants grown in nutrient solution sand culture 
Treatment Sixth leaf Roots 
pl p2 p3 P1 P2 p3 
1.66 1.68 1.64 0.72 0.71 0.88 
2.6? 2.57 2.47 1.21 0.96 1.20 
2.61 2.91 2.82 1.32 1.35 1.19 
2.71 2.99 2.95 1.34 1.35 1.38 
2.71 3.03 2.99 I.4.6 1.82 1.58 




Table 25» Effect of rates of nitrogen and phosphorus on 
percent nitrogen in the sixth leaf and roots of 
plants grown in Ida silt loam subsoil 
Treatment Sixth leaf Roots 
P1 P2 P1 P2 
Nn 0.81+ 0.96 1.12 1.15 
NÏ 1.65 1.73 1.07 1.25 
NP 2.00 2.06 1.56 1.93 
N: 2.15 2.17 i.8i 4.20 
Njf 2.32 2.53 2.25 2.05 
2.54 2.78 2.15 2.18 
to increase with increasing levels of nitrogen. For the 
parts of plants grown in soil, with the exception of the 
roots, percent nitrogen increased with each successive incre­
ment of nitrogen. 
Differences in percent total nitrogen due to the level of 
phosphorus were highly significant in all cases except in the 
Figure li|. Effect of levels of nitrogen on percent total nitrogen and percent nitro 
gen in the various fractions in leaves and stalks of plants grown in 
nutrient solution sand culture in third greenhouse experiment (Legends 
are for both leaves and stalks. Values are averages over all phosphorus 
levels.) 
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Figure l£. Effect of levels of nitrogen on percent total nitrogen and percent nitro­
gen in the various fractions in leaves and stalks of plants grown in 
soil in third greenhouse experiment (Legends are for both leaves and 
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roots where there were no significant differences. Percent 
nitrogen generally increased with increasing phosphorus 
levels, with differences due to phosphorus being greater at 
the higher nitrogen levels. 
In addition to the determination of percent total nitro­
gen in the four plant parts, the leaves and stalks were 
analyzed for water-soluble nitrogen fractions, which con­
sisted of NH^*, NH^", and NO^'+NO^", and total water-soluble 
nitrogen. Percent nitrogen as non-water-soluble nitrogen 
and water-soluble "rest" nitrogen were determined by differ­
ence. Figure 14 shows the percent nitrogen in each of these 
fractions in the leaves and stalks of plants grown in sand 
culture, whereas, Figure 15 shows the same for plants grown 
in soil. 
Increasing the level of nitrogen in sand culture and 
soil resulted in highly significant increases in the percent 
nitrogen in all the fractions determined for both leaves 
and stalks. 
Percent nitrogen as NH +^ and NH^- was extremely low in 
all cases. Nitrate nitrogen was relatively low in the leaves 
of plants grown in sand culture and soil but was quite high in 
the stalks of plants grown in sand culture and soil, with 
percent nitrate nitrogen in the stalks being approximately 
ten times that in the leaves. 
In most instances, except at the lower nitrogen levels, 
over one half of the total nitrogen present in the stalks 
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was nitrate nitrogen, which is in sharp contrast to the 
leaves where, with one exception, less than ten percent of 
the total nitrogen was in the nitrate form. It is evident 
from Figures 14 and If? that the proportion of total nitro­
gen in the stalks in the nitrate form increases with in­
creasing nitrogen levels. A large amount of nitrates in 
corn stalks is fairly common under some condition, according 
to Hanway-«-. 
The percent nitrogen as water-soluble "rest" nitrogen, 
which would include non-volatile bases, diamino nitrogen, 
peptides and peptones (32), was of some consequence in the 
leaves, averaging 0.5l percent for leaves of plants grown in 
sand culture and 0.38 percent for leaves of plants grown in 
soil. The percent nitrogen in this fraction in the stalks, 
however, appeared to be negligible,'"""' with most of the water-
soluble nitrogen in the stalks being in the nitrate form. 
•"'Hanway, J. J., Iowa State College, Ames, Iowa. Accu­
mulation of nitrates in corn stalks. Private communication. 
1958. 
In some treatments with the higher nitrogen levels, 
values for percent nitrogen in the stalks in the NOg'-NOj-
fraction were slightly greater than the values for percent 
water-soluble nitrogen in the stalks. This, of course, could 
not be a true situation, but results were reproduced satis­
factorily. The value for water-soluble nitrogen was appar­
ently correct since this value plus the percent non-water-
soluble nitrogen closely approximated percent total nitrogen. 
No satisfactory explanation was found for the discrepancy 
in these two values except that the relative error of deter­
mination was somewhat large for the determination of one or 
more nitrogen fractions. 
Ill 
Another difference between leaves and stalks was in 
the non-water-soluble nitrogen fraction, where leaves of 
plants grown in soil contained approximately one and one-
half times the percent non-water-soluble nitrogen as the 
stalks. For plants grown in sand culture, the percent 
nitrogen in this fraction in the leaves was approximately 
two times the percent nitrogen for the same fraction in 
the stalks. If it can be assumed that the non-water-soluble 
fraction is protein nitrogen, then these differences between 
the stalks and leaves would be expected. 
There was little difference in percent nitrogen in the 
various fractions due to the plants being grown in sand 
culture or soil. One exception was the higher value of non-
water-soluble nitrogen in leaves of plants grown in sand 
culture compared to the value for those grown in soil. This 
difference would also be reflected in higher percent total 
nitrogen in the leaves of plants grown in sand culture than 
those grown in soil. 
Increasing phosphorus levels resulted in a highly 
significant effect on the percent nitrate nitrogen in all 
cases except in leaves of plants grown in soil. Percent 
nitrate nitrogen in the stalks increased as the phosphorus 
level was increased, whereas, in the leaves of plants grown 
in sand, the percent nitrate nitrogen increased from P-^ to 
Pg but then decreased from Pg to P^. Changes in percent 
nitrate nitrogen in the leaves was small. The percent total 
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water-soluble nitrogen was increased significantly in all 
cases by increasing phosphorus except in stalks of plants 
grown in soil. The effect of phosphorus increasing the 
percent non-water-soluble nitrogen in both plant parts of 
plants grown in soil was significant at the 0.01 probability 
level, whereas, the effect on this fraction in the stalks 
of plants grown in sand was significant at the 0.05 proba­
bility level, with the effect being one of first increasing 
and then decreasing percent nitrogen in this fraction. The 
effect of levels of phosphorus on percent nitrogen in the 
various nitrogen fractions is given in Table 26. 
A summary of the analyses of variance showing the 
significance level for the effect of treatments on the 
nitrogen fractions is given in Table 27. 
Correlation coefficients relating the various nitro­
gen fractions in both the leaves and stalks of plants grown 
in sand culture and soil are given in Table 28. This table 
shows that all correlation coefficients for the fractions 
in leaves and stalks of plants grown in sand culture were 
significant at the 0.01 probability level, except that the 
sum of the three fractions, NH +^, NI^-, and NOg^-NO^", in 
the leaves was significantly correlated with water-soluble 
"rest" nitrogen in leaves at the 0.05 probability level. 
The relationships between the various nitrogen frac­
tions in the leaves and stalks of plants grown in soil are 
similar to those for plants grown in sand culture, with all 
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Table 26. Effect of phosphorus on percent nitrogen in the 
nitrogen fractions in third greenhouse experiment8 
Nitrogen Sand culture Soil 
fractions P^ P2 P]_ P^ 
Leaves 
% MHj,* N 
% NHp" N 
% NOo- N 
g HgD-Sol. "Rest" N 
# Tot. HpO-Sol. N 
Non—HpO—Sol. N 
% Total N 
% NHi + N 
% NHp N 
% NO3- N 
% Tot. HpO-Sol. N 
% Non-HgO Sol. N 
% Total N 
0.05 0.04 0.03 0.05 0.06 
0.03 0.04 0.04 0.10 0.10 
0.12 0.20 0.14 0.12 0.13 
0.36 0.44 0.35 0.50 0.53 
0.57 0.74 0.72 0.76 0.82 
1.74 1.75 1.77 0.90 1.03 
2.31 2.50 2.55 1.66 1.85 
Stalks 
0.05 0.05 0.05 0.06 0.06 
0.0k 0.05 0.04 0.09 0.09 
0.86 1.14 1.23 0.89 1.37 
1.03 1.19 1.30 1.09 1.08 
0.88 1.00 0.86 0.57 0.82 
1.89 2.20 2.15 1.62 1.86 
aAll values are expressed as a percent and each value is 
an average over all nitrogen levels. 
correlation coefficients being significant at the 0.01 
probability level, with the exception that non-water soluble 
nitrogen in the stalks was significantly correlated at the 
0.05 probability level with water-soluble "rest" nitrogen in 
the leaves and total water-soluble nitrogen in the stalks. 
The correlation coefficients for the relationships in plants 
grown in sand culture were not as high, in general, as those 
for the relationships in plants grown in soil. 
The effect of nitrogen and phosphorus on percent phos-
Table 27• Summary of the analyses of variance showing the significance levels for the 
effect of nitrogen and phosphorus on the nitrogen fractions in plants 
grown in nutrient solutions sand culture and in Ida silt loam subsoil 
Plant 
part Nitrogen 




N x P 
Soil 
Nitrogen Phosphorus 
( N )  (P) 
N x P 
Leaves 
% NHi.* N 
% NH%- N 
NO?" N 
H20-Sol. "Rest" 
io Tot. HgO-Sol. N 
% Non-HpO-Sol. N 
% Total N 
% N%+ N 
% NHg N 
% NO3" N 
% Tot. HoO-Sol. N 
ïo Non-HgU—Sol. N 
% Total N 






































































Table 28. Correlation coefficients showing the relationship for the nitrogen frac­
tions in leaves and stalks of plants growing in nutrient solution sand 
culture and Ida silt loam subsoil 
Plant 
part Leaves Stalks 
T o t a l S u m  o f H 2 O - H g O - N o n -  T o t a l  S u m  o f  H p O -
N NHk+, NHg- Sol.- Sol. HpO- N NHh*» NHP- Sol. 
and NO3- "Rest" N N Sol. N afid NO3- N 
SAND CULTURE5 
Leaves 
Z ( NHL •, NH2-, 0.5918** 0.6284** 
NOn-) 
Ho0-Sol. O.5839** 0.3388* 0.6095** 
"Rest" N 
HpO-Sol. N O.8382** 0.6989** 0.6566** O.8778** 
N5n-H20-Sol. N 0.7993^ 0.3727** 0.4478**0.4515** 0.6798** 
Stalks 
Total N 0.9165** 
Z (NH}. + » NHp- 0.8331** 0.6616** 0.5394**0.8880**0.1+955** 0.9128':-
NO?-) 
0.8950^  0.6497** 0.5519**0.9056**0.5953** 0.9468"* 0.9525^  




aFor plants grown in nutrient solution sand culture, correlation coefficients of 
0.268 and 0.349 are required for significance at 0.05 and 0.01 probability level, 
respectively. 
Table 28. (Continued) 
Plant 
part Leaves Stalks 
Total 
N 
Sum of H20— H20— Non— 
NHh*, NH2" Sol.- Sol. HpO-




N%+, NH2" Sol. 
and NO^- N 
SOILb 
Leaves 




HpO-Sol. N 0.9249** 
Non-HgO-Sol. N 0.9139** 
Stalks 
Total N 0.9511** 
£(NHh*, NH2-, 0.8^ 89** 
NOT-) 
HpO-Sol. N 0.6765*<» 
Non-H20-Sol. N 0.6807** 
0.6165** 
0.8447*-* 0.9422** 





0.8652** 0.6?6l**0.82?6**0.7469** 0.8769** 
0.7667** 0.7838**0.8651^ 0.7472** 0.8761** 0.7575** 
0.7213"'"* 0.3683* 0.5554*^ 0.6974** 0.7468** 0.6984*-" 0.3500* 
For plants grown in Ida silt loam subsoil, correlation coefficients of 0.330 
and 0.424 are required for significance at the 0.05 and 0.01 probability level, 
respectively. 
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phorus in the sixth leaf and roots is shown in Tables 29 and 
30, while for the leaves and stalks, the effect is depicted 
in Figures 16 and 17» Both nitrogen and phosphorus had a 
highly significant effect on the percent phosphorus in all 
parts of plants grown in sand culture and soil except for 
the roots of plants, where only phosphorus had a highly 
significant effect on percent phosphorus in the roots of 
plants grown in sand culture and only nitrogen had a highly 
significant effect on percent phosphorus in plants grown in 
soil. The interaction of nitrogen and phosphorus on per­
cent phosphorus was significant at the 0.01 probability 
level for leaves of plants grown in soil and for leaves and 
stalks of plants grown in sand culture, whereas, the inter­
action was significant at the 0.05 probability level for the 
effect on percent phosphorus in the sixth leaf of plants 
grown in sand culture and soil. 
The effect of nitrogen on percent phosphorus depended 
on the plant part, the level of phosphorus, and whether the 
plants were grown in sand culture or soil. 
For the sixth leaf and leaves of plants grown in sand 
culture, the effect of increasing levels of nitrogen was 
small at P^, but at Pg, the percent phosphorus first de­
creased with increasing nitrogen and then generally increased 
with increasing nitrogen. At P3, the effect of increasing 
nitrogen levels is one of first decreasing percent phos­
phorus from Ni to Ng, then increasing from Ng to or Nc; 
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Table 29. Effect of level of nitrogen and phosphorus on 
percent phosphorus in the sixth leaf and roots 
of plants grown in nutrient solution sand cul­
ture 
Treatment Sixth leaf Roots 
Pl P2 p3 pl P2 P3 
0.20 0.45 0.50 0.13 0.31 0.39 
0.16 0.33 0.43 0.10 0.29 0.45 
0.15 0.39 0.48 0.09 0.29 0.42 
0.17 0.36 0.57 0.08 0.22 0.40 
0.16 0.42 0.57 0.09 0.29 0.38 






Table 30. Effect of level of nitrogen and phosphorus on 
percent phosphorus in the sixth leaf and roots 
of plants grown in Ida silt loam subsoil 
Treatment Sixth leaf Roots 
N0  0.18 0.23 0.28 0.32 
N]_ 0.16 0.25 0.17 0.22 
NP  0.18 0.32 0.17 0.18 
No 0 .16 0.28 0.17 0.24 
% 0.18 0.26 0.20 0.20 
N£ 0.17 0.24 0.19 0.21 
and then decreasing at N^ . Similar effects of nitrogen were 
also observed for the percent water-soluble phosphorus in 
the leaves. 
For the sixth leaf and leaves of plants grown in soil, 
nitrogen had little effect on percent total phosphorus at 
Figure 16. Effect of levels of nitrogen and phosphorus on percent total phosphorus 
and percent phosphorus in the various fractions in leaves and stalks 
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Figure 17. Effect of levels of nitrogen and phosphorus on percent total phosphorus 
and percent phosphorus in the various fractions in leaves and stalks of 
plants grown in soil in third greenhouse experiment (legends are for 
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p^. However, at P^ for these same plant parts, the first two 
increments of nitrogen resulted in increases in percent total 
phosphorus, with additional increments of nitrogen resulting 
in a decrease in percent total phosphorus. The effect of 
nitrogen on percent water-soluble phosphorus was similar to 
the effect on percent total phosphorus. 
This effect of nitrogen on increasing percent total 
phosphorus is an effect often shown in field experiments, 
even though the decrease in percent total phosphorus due to 
the higher levels of applied nitrogen has seldom been shown 
to occur in the field. After the initial decrease in per­
cent total phosphorus in plants grown in sand culture, the 
percent phosphorus curves for plants grown in sand culture 
and in soil were similar in shape. 
The effect of increasing nitrogen ôn percent total phos­
phorus and percent water-soluble phosphorus in the stalks of 
plants grown in sand culture depended on the level of phos­
phorus. At P^, the percent phosphorus decreased with the 
first increment of nitrogen, then remained fairly constant 
with additional increases in the nitrogen level. At Pg, 
the percent phosphorus continued to decrease with increasing 
levels of nitrogen after a large initial decrease at N-^. 
At Py increasing nitrogen had little effect on percent phos­
phorus until the level had been reached, when it de­
creased sharply. The effect of nitrogen on percent water-
12k 
soluble phosphorus was similar to the effect on percent 
total phosphorus. 
Increasing the level of nitrogen resulted in a very 
marked decrease in percent phosphorus in the stalks of 
plants grown in soil. After the initial decrease in percent 
phosphorus due to the first increment of nitrogen, the per­
cent phosphorus remained fairly constant at P^, but con­
tinued to decrease slightly at P^, with the same effect 
being noted on percent water-soluble phosphorus. 
The initial decrease in percent total phosphorus and 
percent water-soluble phosphorus in the stalks with the 
initial increase or application of nitrogen corresponds to 
the similar effect previously discussed for leaves of 
plants grown in sand culture. 
The effect of nitrogen on percent non-water-soluble 
phosphorus was highly significant only in the case of the 
leaves of plants grown in sand culture, where the non-water-
soluble phosphorus first decreased with increasing nitrogen 
and then remained fairly constant. Changes in percent non-
water- soluble phosphorus were very small compared to changes 
in percent water-soluble and total phosphorus. 
The effect of phosphorus on percent total phosphorus 
was highly significant for all plant parts, except for roots 
of plants grown in soil. Increasing the level of phos­
phorus increased percent phosphorus with the increases in per­
cent phosphorus being relatively large. The effect of 
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phosphorus was highly significant on both percent water-
soluble and non-water soluble phosphorus in both leaves and 
stalks of plants grown in either sand culture or soil, with 
the effect being one of increasing the percent phosphorus 
in these fractions with increasing levels of phosphorus. 
Differences in percent water-soluble phosphorus due to phos­
phorus were quite large, whereas, for percent non-water 
soluble phosphorus, differences were small. 
Total phosphorus uptake for plants grown in sand cul­
ture and soil is given in Tables 31 and 32, respectively. 
Plants grown in sand culture at P^ , show no consistent 
differences in phosphorus uptake due to nitrogen, whereas, 
at Pg and P^ , phosphorus uptake increases with increasing 
nitrogen up to N^ , then tends to decrease with increasing 
nitrogen. Plants grown in soil show the same general trend 
in phosphorus uptake as those grown in sand culture, in that 
uptake first increases and then decreases with increasing 
nitrogen levels. Phosphorus uptake is greater at higher 
phosphorus levels. 
A summary of the analyses of variance showing the sig­
nificance levels for the effect of treatments on the phos­
phorus fractions is given in Table 33. 
Correlation coefficients showing the relationship 
between percent total phosphorus and percent phosphorus in 
the two fractions are given in Table 3k-• All phosphorus 
fractions in both leaves and stalks of plants grown in sand 
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Table 31. Effect of nitrogen and phosphorus on total phos­
phorus uptake by plants grown in sand culture in 
third greenhouse experiment8. 
Treatment P1 p2 P3 
Ni 98 11+9 l6i| 
N2 81 276 i+03 76 338 562 
S# 81 306 379 
4 82 325 436 
*6 77 314 353 
aAll values are expressed mgms. per pot and calculated 
on the basis of treatment means. 
Table 32. Effect of nitrogen and phosphorus on total phos­
phorus uptake by plants grown in soil in third 
greenhouse experiment8. 




Np 90 125 
66 116 
n2 70 81 
4 56 
60 
aAll values are expressed mgms. per pot and calculated 
on the basis of treatment means. 
culture were correlated at a highly significant level, with 
all coefficients being greater than 0.6. Only three groups 
of the fractions in plants grown in soil were correlated at 
a highly significant level, with percent total phosphorus in 
Table 33. Summary of the analyses of variance showing the significance levels for the 
effect of treatments on the phosphorus fraction in plants grown in nutrient 
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Table 34» Correlation coefficients showing the relationship between phosphorus 
fractions in leaves and stalks of plants grown in nutrient solution 
sand culture and Ida silt loam subsoil. 
Plant Leaves Stalks 
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?^or plants grown in nutrient solution sand culture, correlation coefficients 
of 0.268 and O.349 are required for significance at the 0.05 and 0.01 probability 
level, respectively. 
bPor plants grown in Ida silt loam subsoil, correlation coefficients of 0.330 
and O.424 are required for significance at the 0.05 and 0.01 probability levels, 
respectively. 
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the leaves being correlated with percent water-soluble phos­
phorus in the leaves, percent non-water-soluble phosphorus 
in the leaves, and percent water-soluble phosphorus in the 
stalks. 
The percent phosphorus in the two phosphorus fractions 
behaved differently in contrast to the nitrogen fractions 
where all fractions were significantly related. The water-
soluble phosphorus fraction constituted a high percentage 
of the total phosphorus present and any factors affecting 
total phosphorus would have affected water-soluble phos­
phorus as indicated by the very high degree of correlation 
between the two fractions. The non-water-soluble phos­
phorus fraction was a small percent of the total phosphorus 
present and was not greatly affected by nitrogen and phos­
phorus treatments, even though the effect of phosphorus was 
highly significant. The percent non-water-soluble phos­
phorus was fairly constant with increasing nitrogen levels. 
None of the nitrogen fractions were linearly related 
to the phosphorus fractions in either the leaves or the 
stalk. The percent total phosphorus as well as the percent 
water-soluble phosphorus in stalks of plants grown in soil 
were negatively correlated at a highly significant level 
with most nitrogen fractions, but most of this correlation 
was due to the large initial decrease in percent phosphorus 
in these two fractions with the initial application of nitro 
gen. The correlation coefficients, in this case, indicated 
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relationship which did not exist for most of the nitrogen 
rates used. Correlation coefficients showing the relation­
ships between the nitrogen and phosphorus fractions are 
given in Table 35» 
Increasing levels of nitrogen gave a highly significant 
effect on the percent potassium in all aerial plant parts 
in both sand culture and soil except for the sixth leaf of 
plants grown in sand culture. The effect of increasing 
levels of nitrogen on percent potassium is given in Tables 
36 and 37-
Increasing the level of nitrogen in sand culture re­
sulted in a highly significant decrease in percent potassium 
in the leaves, with the same effect on the sixth leaf but 
the effect was not significant. For stalks of plants grown 
in sand culture, percent potassium increased with the first 
increase in the nitrogen level and then decreased with each 
successive increase in the nitrogen level. 
Percent potassium decreased in the sixth leaf of plants 
grown in soil with the first added increment of nitrogen. 
With each successive increment of nitrogen, percent potas­
sium changed very little. For leaves of plants grown in 
soil, the percent potassium decreased with the first incre­
ment of nitrogen and then increased with successive incre­
ments of nitrogen. The same was true for percent potassium 
in the stalks of plants grown in soil. 
Percent potassium in the sixth leaf and the leaves of 
Table 35« Correlation coefficients showing the relationship between nitrogen and 
phosphorus fractions in the leaves and stalks of plants grown in nutrient 
solution sand culture and Ida silt loam subsoil® 
Phosphorus fractions 
Leaves Stalks 
Nitrogen F ~' % HpO- % Non-  ^ % HpO- % Non-
fractions Tot. P Soif P H^ O-Sol. P Tot. P Sol. P HgO-Sol. P 
Leaves 
% Total N 




% Tot. HgO-Sol. N 
% Non—HgO—Sol. N 
Stalks 
% Total N 
% E (N%+, NHp-, 
NOo-
% Tot. HgO-Sol. N 






















































C^oefficients with no asterisk are non-significant. 
F^or plants grown in nutrient solution sand culture, correlation coefficients of 
0.268 and 0.349 are required for significance at the 0.05 and 0.01 probability level, 
respectively. 
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% Tot, HgO-Sol. N 
% Non-HgO-Sol. N 
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% Total N 
% r(NHh*, NHg-, 
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% Tot. HpO-Sol. N 
% Non-HgU-Sol. N 
cpor plants grown in Ida Silt loam subsoil, correlation coefficients of 0.330 
and 0.420 are required for significance at the 0.05 and 0.01 probability level, 
respectively. 
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Table 36. Effect of levels of nitrogen and phosphorus on 
percent potassium in plant parts of plants grown 




Sixth leaf Leaves Stalks 
P1 p2 p3 P1 p2 p3. pl p2 p3 
4.11.. 3-47 4.11 4.31 4.20 4.11 7.60 8.11 7.87 
3.51 4.05 4.16 3.71 4.04 3.93 7.91 8.65 8.59 
3.68 4.03 3.86 3.78 3.92 3.70 7.40 8.04 8.10 
3.53 3.63 3.96 3.60 3.71 4.01 7.38 7.57 7.64 
3-33 3.76 3-89 3.58 3.70 3.86 6.97 6.97 7.41 
3.20 3.85 3.58 3.41 3.77 3.67 7.35 7.32 6.97 
Table 37. Effect of rates of nitrogen and phosphorus on 
percent potassium in plant parts of plants 
grown in Ida silt loam subsoil 
Treatment Sixth leaf Leaves Stalks 
Pi P2  
Nn 3.08 2.55 3.01 2.95 2.1i2 2.54 
0.65' 
pl p2 pl p2 
I.60 1.70 1.46 1.69 
1.51 1.70 1.75 1.68 
1.56 1.77 1.70 1.81 
1.86 1.97 1.84 1.95 
2.30 1.22 1.79 1.98 
Ni 1 5 O.83 
No 0.88 0.93 
- •" " — " — " 1.03 0.98 
1.28 i.43 
N^  1.57 1.56 
plants grown in soil were at about the same levels, with the 
same being true for these two parts of plants grown in sand 
culture. Percent potassium in the leaves of plants grown in 
soil was approximately one and one-half times the amount 
contained in the stalks. The reverse situation was true 
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for plants grown in sand culture, where the stalks contained 
approximately two times the percent potassium contained in 
the leaves. Percent potassium in the plants grown in sand 
culture was much higher than in those grown in soil with 
the average percent potassium in the leaves and stalks of 
plants grown in sand culture being 3.83 and 7.66 percent, 
respectively, compared to 1.97 and 1.34 percent, respec­
tively, for leaves and stalks of plants grown in soil. 
4» Effect of nitrogen on phosphorus uptake by corn and the 
percent phosphorus in the corn plant 
The effect of nitrogen increasing percent phosphorus in 
corn leaves has been shown previously to exist. This same 
effect was again shown in preliminary field experiments 
and in greenhouse experiments conducted to clarify some of 
the nitrogen-phosphorus relationships in com. 
In the greenhouse, increasing the rate of nitrogen in 
the soil resulted first in an increased percent phosphorus 
and then a decreased percent phosphorus in the leaves; 
whereas, in the stalks, percent phosphorus was markedly 
decreased with the first increment of nitrogen but remained 
fairly constant with additional increases in nitrogen. Phos­
phorus uptake by the whole plant was greatly increased with 
the first increment of nitrogen, remained at about the same 
level for the second increment of nitrogen, and then de­
creased with additional applied nitrogen. Growth of plants 
at the two highest levels of nitrogen appeared to be adversely 
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affected by a high salt concentration, which undoubtedly 
affected phosphorus uptake. 
Increasing the level of nitrogen in sand culture also 
resulted in an increase in percent phosphorus in the leaves 
at Pj but only after an initial decrease with the first in­
crease in the level of nitrogen. The percent phosphorus in 
stalks of plants grown in sand culture tended to decrease 
with increasing nitrogen levels at P^ and Pg in a manner 
similar to stalks of plants grown in soil except that the 
initial decrease was much less for stalks of plants grown in 
sand culture. There was no initial decrease due to nitrogen 
at P3. 
The initial decrease in percent phosphorus with in­
creasing nitrogen levels also occurred in plants grown in 
nutrient solution sand culture in the first and second 
greenhouse experiments, and the same trend was seen for 
percent phosphorus in the whole plants in the field experi­
ments. This initial decrease in percent phosphorus could be 
explained on the basis that growth of the plants was rela­
tively greater than phosphorus uptake, thus resulting in a 
decreased phosphorus percentage. This would not, of course, 
be true for leaves of plants grown in soil in the greenhouse, 
where percent phosphorus increased even though dry matter 
yield increases were fairly large with the first increase 
in nitrogen. The increase in percent phosphorus of leaves 
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of plants grown in sand culture occurred at levels of nitrogen 
at which dry matter yields were decreasing slightly due to 
nitrogen. 
Total phosphorus uptake by the whole plant first in­
creased and then decreased with increasing levels of nitro­
gen at Pg and Pj when grown in either sand culture or soil. 
This increase and then a decrease in total phosphorus showed 
the same trend as total dry matter yields. 
Any effects of applied nitrogen on percent total phos­
phorus or total phosphorus uptake were reflected in the 
water-soluble phosphorus fraction, as shown by a very high 
degree of correlation between percent total phosphorus and 
percent water-soluble phosphorus. If any one phosphorus 
compound or group of compounds was affected by applied nitro­
gen, it would most likely be associated with the water-
soluble phosphorus fraction as determined by the procedure 
used. It seems feasible that there should have been some 
particular group of phosphorus compounds that would be 
related to certain organic nitrogen fractions, with the 
two being affected by nitrogen fertilization in the same way 
if nitrogen is to increase phosphorus uptake as well as 
percent phosphorus. It is possible that the experimental 
procedure employed here would have permitted some changes in 
the phosphorus compounds such that they might go from a non-
water-soluble to a water-soluble form. It is conceivable that 
enzymatic activity prior to or during drying, or even the 
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drying process itself, could bring about these changes. If 
this did occur, it could explain why non-water-soluble phos­
phorus, for example, was not related to non-water-soluble 
nitrogen, especially if it is considered that the non-water-
soluble phosphorus now remaining might be in non-water-sol­
uble inorganic compounds, or non-water-soluble organic com­
pounds which are relatively low in nitrogen content. Pre­
sumably all the phosphorus measured in the water-soluble 
fraction was inorganic phosphorus, since the procedure used 
to determine phosphorus should measure only phosphorus in 
the inorganic fora. This would also indicate that only 
inorganic phosphorus was extracted from the plant tissue, 
since the sum of water-soluble and non-water-soluble phos­
phorus closely approximated total phosphorus. 
All the nitrogen fractions determined showed that all 
fractions increased with increasing nitrogen levels, except 
for the and NHg"" fractions in plants grown in sand cul­
ture. These two fractions constituted a very small propor­
tion of total nitrogen in both the leaves and the stalks. 
Since nitrogen was supplied in the nitrate form, low levels 
of the NHjj* and NHg"" fractions might be expected because these 
two fractions are intermediates in the process of highly 
oxidized nitrate nitrogen being transformed into more complex 
amino acids and protein compounds. 
Nitrate nitrogen was also relatively low in the leaves 
but it was high in the stalks, in some cases being as 
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much as ten times the concentration of that in the leaves. 
This relatively large amount of nitrate nitrogen in the 
stalks compared to the leaves suggests that the stalks may 
serve as a reservoir of unreduced nitrogen for the whole 
plant, and that the nitrate is reduced to the ammonium form 
immediately before or soon after entering into the leaf and 
is then incorporated into an amino acid and subsequently 
into more complex organic nitrogen compounds. 
Non-water-soluble nitrogen as well as water-soluble 
"rest" nitrogen were consistently higher in the leaves than 
in the stalks, which might be expected since the leaves are 
the primary site of metabolic activity in the plant. 
No linear relationships existed between the individual 
nitrogen and phosphorus fractions in the plant but there 
could be some non-linear relationships existing between the 
nitrogen and phosphorus fractions. The generally higher 
level of phosphorus and non-water-soluble nitrogen in the 
leaves of plants grown in sand culture than in the leaves 
of plants grown in soil may indicate that increased nitro­
gen compounds in the plants resulted in an increased phos­
phorus level in the plant. This same relationship, however, 
did not hold for the stalks. 
Several explanations have been offered by workers as to 
why applied nitrogen increases percent phosphorus and total 
phosphorus uptake by plants. The three explanations most 
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generally offered are (a) an increased solubility of either 
soil or applied phosphorus due to the application of acid-
forming nitrogen fertilizers; (b) an increased ramification 
of the root system due to applied nitrogen, and (c) physio­
logical stimulation of the plant by applied nitrogen. All 
three of the effects offered in these explanations have 
probaby been a causal factor in applied nitrogen increasing 
percent phosphorus in the plant or increased phosphorus up­
take at one time or another. 
Results of this study show that the first explanation 
listed, i.e., increased solubility of phosphorus due to the 
residual acidity from applied nitrogen fertilizer, was not 
one of the factors causing nitrogen to increase percent 
phosphorus in the leaves of plants. This is substantiated 
by the results from the experiment where corn was grown in 
an Ida silt loam subsoil where applied nitrogen increased 
percent phosphorus in the plant in the presence of applied 
phosphorus. The source of nitrogen used was sodium nitrate, 
a fertilizer which leaves an alkaline residual such as 
ammonium sulfate or ammonium nitrate. Since the soil used 
was already above neutrality in reaction and contained 
free calcium carbonate, this alkaline residual would not 
be expected to enhance the solubility of soil or applied 
phosphorus on the basis of acid formation or acidulation of 
the medium. 
The fact that nitrogen increased percent phosphorus in 
i4o 
the leaves of plants grown In sand culture is additional 
evidence that the effect was not due to an increased 
solubility of phosphorus. Phosphorus was supplied in the 
growing solution in the HgPO^" form. Since the nitrogen 
was supplied as sodium nitrate, the growing solution became 
more alkaline as nitrate was taken up by the plants, which 
would result in the HgPO^" form being changed to the HP0^= 
or the PO^~ form in some cases. The HgPO^"" form is gener­
ally considered to be the form most readily absorbed by 
plants. 
The fact that increased nitrogen resulted in increased 
percent phosphorus in leaves of plants grown in a nutrient 
solution sand culture would indicate that an increased root 
system was not a factor in increasing phosphorus since the 
roots of the plants grown at all but the lowest levels of 
nutrient concentration were well-distributed throughout the 
pot and there was little difference in total weight after 
the initial increase in nitrogen level. This is not to say 
that the number of roots or the root areas exposed could not 
have been affected by treatment and thus could have affected 
phosphorus uptake, but there appeared to be little differ­
ence in the distribution of roots due to treatment. It 
could also be pointed out that dry weight of the roots 
approximately doubled with the first increase in nitrogen 
while the percent phosphorus decreased even though phos­
phorus uptake was increased. Results from plants grown in 
Hp. 
soil show that percent phosphorus in the leaves and the dry 
weight of roots are closely related at P^, but there appears 
to be no relationship at P^. 
A third causal factor which has been suggested for the 
effect of nitrogen increasing percent phosphorus is that 
applied nitrogen generally results in an increased percent 
nitrogen in the plant as well as increased nitrogen uptake, 
which would result in the formation of larger amounts of 
nitrogen compounds in the plant, and since some of these 
nitrogen compounds, particularly nucleoproteins, contain 
phosphorus, or since phosphorus is necessary for the for­
mation of certain nitrogen compounds, additional phosphorus 
would then be needed by the plant. There is no strong 
evidence in this study which supports this view but there is 
some evidence that it may have been a factor. The fact that 
increased nitrogen resulted in an increase in the non-water-
soluble nitrogen fraction and the water-soluble "rest" nitro­
gen fraction indicates that increased nitrogen results in 
larger amounts of nitrogen compounds, and, hence would in­
crease the need for more phosphorus. However, there were 
situations in the third experiment where these nitrogen 
fractions continued to increase, whereas, phosphorus uptake 
decreased. The fact that phosphorus uptake was increased in 
the first experiment with increasing nitrogen levels suggests 
that some internal plant relationship was involved, since 
phosphorus uptake was about the same for plants grown with 
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either nitrate nitrogen or a combination of nitrate and 
ammonium nitrogen. 
Highly significant nitrogen x phosphorus interactions 
on percent total phosphorus in the leaves of plants grown 
in both sand culture and soil, as well as all phosphorus 
fractions in stalks of plants grown in sand culture is 
added evidence that nitrogen definitely influences phos­
phorus uptake. 
Even though the results of this study do not conclu­
sively support any one explanation as to why nitrogen in­
creases phosphorus uptake or percent phosphorus in corn, 
they do indicate that the effect is not primarily one of 
increased phosphorus solubility, even though the level of 
phosphorus available for plant use has to be sufficient for 
nitrogen to increase phosphorus uptake. Results indicate 
that an increased ramification of the root system could be 
responsible for the effect of nitrogen increasing phosphorus 
uptake in this experiment, but is not solely responsible. 
These two factors undoubtedly are important and in some 
cases are necessary for nitrogen to increase phosphorus 
absorption in the field. A third causal factor, tied in with 
the physiological processes of the plants and supported some­
what by the results of this study, is that increased nitro­
gen uptake results in the formation of larger amounts of 
nitrogen compounds in the plant and, subsequently, there is 
a greater need for phosphorus. 
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Results of this study point out the need for additional 
work on the effect of nitrogen on phosphorus uptake. Nutrient 
solution sand cultures in the greenhouse serve as a good 
technique for studying such effects since conditions can be 
more easily controlled. Analytical determinations to in­
clude all cations and anions in the plant might serve to 
clarify certain relationships which might exist. Deter­
minations on the green plant tissue might also be used to 
provide additional information, particularly on phosphorus 
compounds, which could not be obtained on dried plant tissue. 
Further information is needed on the relationships of the 
various nitrogen and phosphorus fractions in the plant. 
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V. SUMMARY AND CONCLUSIONS 
This study included investigations in the field and in 
the greenhouse. Two field experiments were utilized to 
determine the effect of nitrogen on percent phosphorus in 
the corn plant and on total phosphorus uptake. Three green­
house experiments employing a nutrient solution sand cul­
ture technique, in addition to soil in the third experi­
ment, to grow corn were conducted to further study nitro­
gen-phosphorus relationships. 
The two field experiments employed in 1955 were parts of 
rotation experiments at the Clarion-Webster and the Southern 
Iowa Experimental Farms where rates of nitrogen had been 
applied in addition to a basic application of phosphorus and 
potassium. Results of the chemical analysis of the corn 
plants from these experiments showed that nitrogen increased 
both nitrogen and phosphorus percentage in both the sixth 
leaf and the whole plant, in addition to increasing total 
phosphorus uptake. It was also shown that the percent phos­
phorus in the stover decreased but increased in the grain 
with increasing levels of nitrogen. Applied nitrogen also 
resulted in the grain containing a higher percentage of the 
total nitrogen and phosphorus in the plant. These results 
indicate that nitrogen is important not only in phosphorus 
uptake by the plant but in translocation of phosphorus from 
the vegetative parts to the grain. They also indicate that 
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the plant probably serves as an initial reservoir of phos­
phorus to be translocated into the grain later. 
The three greenhouse experiments were conducted in 
1957• A technique of growing corn in nutrient solution 
sand culture was employed in all three experiments, with an 
Ida silt loam subsoil being included in the third experi­
ment. The first greenhouse experiment was conducted prima­
rily to perfect techniques and determine the nutrient solu­
tions needed to successfully grow corn in nutrient solution 
sand culture in the greenhouse. 
Results from the first greenhouse experiment showed 
that the corn plants could be grown successfully with the 
techniques employed and the nutrient solutions used. Growth 
responses were obtained due to increased levels of nitrogen 
and phosphorus, but response curves indicated that the 
levels of nitrogen and phosphorus were not high enough for 
maximum yields of dry matter. Growth differences were also 
obtained due to form of nitrogen used, with plants making 
better growth with the nitrate form than with the ammonium 
form. 
The effect of nitrogen on percent phosphorus in the 
plant was opposite to the effect often obtained in the field 
in that percent phosphorus decreased with increasing nitro­
gen levels. The failure of nitrogen to increase percent 
phosphorus resulted in the speculation that levels of nitro­
1L|.6 
gen were not sufficiently high. A later greenhouse experi­
ment proved this to be true. 
On the basis of results of the first greenhouse experi­
ment, it was decided to increase the concentration levels 
and the number of levels of both nitrogen and phosphorus in 
a future greenhouse experiment. It was also decided to 
investigate further the effect of form of nitrogen on plant 
growth. 
The second greenhouse experiment was conducted to pro­
vide additional information on the effect of form of nitro­
gen on plant growth. Results of this experiment again showed 
that plants grew better with nitrate nitrogen than with 
ammonium nitrogen. A design was employed whereby the effect 
of the two forms of nitrogen on early growth of the plant 
could be observed, as well as the effect on plant growth if 
the plants were subsequently transferred to the other form 
of nitrogen. Plants as early as three weeks after emergence 
started showing differences due to form of nitrogen, with 
plants grown with ammonium nitrogen showing apparent phos­
phorus deficiency symptoms. Differences in vegetative growth 
were recorded at four weeks, with plants grown with nitrate 
nitrogen being larger. Roots of plants at four weeks grown 
with the ammonium form were smaller and darker in color than 
those grown with ammonium nitrogen. 
Plants started with ammonium nitrogen did not fully 
recover when transferred to a growing solution containing 
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nitrate nitrogen, but they did resume apparently normal 
growth. Plants that had started with nitrate nitrogen and 
were later supplied with ammonium nitrogen started showing 
effects typical of plants grown with ammonium nitrogen such 
as apparent phosphorus deficiency symptoms and decreased 
growth. 
It was concluded that nitrate nitrogen was definitely 
superior to ammonium nitrogen for plant growth in the parti­
cular nutrient solution sand culture employed. Results of 
other workers were cited which showed the same effect of 
these forms of nitrogen on growth of crops other than corn. 
The conclusions of the workers cited suggest rather strongly 
that nitrate nitrogen may be of some importance as an oxi­
dizing agent in certain physiological processes in the 
plant, in addition to its role of serving as a source of 
nitrogen. 
The third greenhouse experiment was conducted to further 
study the effect of nitrogen on percent phosphorus in corn 
and nitrogen-phosphorus relationships within the plant. In 
order to do this, an Ida silt loam subsoil was utilized for 
growing corn in addition to the nutrient solution sand cul­
ture. As a result of the first two experiments, six levels 
of nitrogen and three levels of phosphorus were used in this 
experiment, with nitrate nitrogen being the only form of 
nitrogen Used. 
Water-soluble nitrogen fractions and water-soluble 
11+8 
phosphorus were determined in an attempt to further clarify 
nitrogen-phosphorus relationships in the plants. Even though 
there were no significant linear relationships between any 
individual phosphorus fractions, the effect of nitrogen on 
the various fractions was of interest. Any changes in total 
phosphorus due to applied nitrogen were reflections of 
changes in water-soluble phosphorus, indicating that the 
effect of nitrogen on phosphorus is due to the effect of 
nitrogen on some compound, or compounds, in the water-
soluble phosphorus fraction. The fact that nitrogen did not 
influence non-water-soluble phosphorus indicates that this 
fraction probably is of no significance in the effect of 
nitrogen on phosphorus uptake. 
Increasing nitrogen concentration in the sand culture 
resulted in increased percentage of most of the nitrogen 
fractions in the plants. Particularly large increases were 
noted for nitrate nitrogen in the stalk and for both total 
water-soluble nitrogen and non-water soluble nitrogen in the 
leaves. The high percentage of nitrate nitrogen in the 
stalks and the low content in the leaves suggest that the 
stalk serves as a reservoir of unreduced nitrogen for the 
whole plant. Most of the nitrogen fractions in both leaves 
and stalks were shown to be correlated at a highly signifi­
cant level. 
Total phosphorus present in both leaves and stalks was 
shown to consist mostly of phosphorus in the water-soluble 
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form. Non-water-soluble phosphorus was very low compared 
to the water-soluble form. Water-soluble and total phos­
phorus were shown to be correlated at a highly significant 
level. 
Increasing nitrogen resulted in increased percent phos­
phorus in the leaves of plants grown in either sand culture 
or soil, if the phosphorus level was sufficiently high, but 
it was also shown that, percent phosphorus decreased with 
increasing nitrogen at the higher levels of nitrogen. In 
the leaves of plants grown in sand culture, the increase in 
percent phosphorus was preceded by a decrease in percent 
phosphorus, an effect which existed in the first greenhouse 
experiment. It was pointed out that the effect of nitrogen 
increasing percent phosphorus in leaves of plants grown in 
this third experiment does not substantiate the two explana­
tions most often suggested for the effect of nitrogen in­
creasing percent phosphorus. These two explanations are the 
increased solubility of phosphorus due to applied nitrogen 
and an increased ramification of the root system due to 
applied nitrogen. The failure of these two mechanisms in 
explaining the effect of nitrogen on phosphorus in this 
experiment does not indicate that they never have an effect 
in increasing percent phosphorus due to applied nitrogen. 
It also suggests some other mechanism is required to explain 
the effect of nitrogen on percent phosphorus increase in corn 
leaves. Possibly the effect of nitrogen is one of increasing 
i5o 
the nitrogen compounds within the plant, thus resulting in 
a greater need for phosphorus. 
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Table 38. Effect of applied nitrogen on percent nitrogen on 
percent nitrogen in the sixth leaf and whole 
plants of corn following oats grown at the Clarion-
Webster Experimental Farm at Kanawha in 1955s 
Replicate Rate of nitrogen*3 
None 30#/A. 60#/A. 120#/A. 
Sixth leaf 
I 2.32 2.46 3.# 3.14 
II 2.54 2.59 3.11 3.25 
III 2.79 2.74 2.79 2.54 
IV 2.59 3.19 3.31 3.08 
VI 3.02 2.49 2.86 3.11 
VII 3.00 2.80 3.16 3.16 
VIII 2.78 2.92 3.08 3.39 
X 2.83 3.02 3.14 3.18 
XI 2.83 2.98 3.10 3.28 
XII 2.59 3.07 3.31 3.12 
XIII 2.87 3.10 3.24 3.00 
XIV 3.03 3.36 2.80 3.31 
Whole plant 
I 1.45 1.64 1.77 1.55 
II 1.14 1.24 1.76 1.77 
III 1.31 1.57 1.45 1.77 
IV 1.15 1.1+5 1.61 1.57 
VI l.lxl 1.56 1.72 1.60 
VII 1.28 1.61+ 1.59 1.40 
VIII 1.16 1.57 1.59 1.81 
X 1.19 1.58 1.61+ 1.85 
XI 1.12 1.30 1.62 1.76 
XII 1.02 1.59 1.49 1.79 
XIII 1.67 1.67 1.73 1.80 
XIV 1.26 1.1+8 1.1+6 1.44 
aAll values are reported as a percent on an oven-dry 
basis. 
bBasic applications were 60# PgO^  and 40# KgO per acre. 
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Table 39. Effect of applied nitrogen on percent phosphorus 
in the sixth leaf and whole plants of corn 
following oats grown at the Clarion-Webster 
Experimental Farm at Kanawha in 1955s 
Replicate Rate of nitrogen*3 
None 30#/A. 60#/A. 120#/A. 
Sixth leaf 
I 0.29 0.25 0.32 0.30 
II 0.27 0.29 0.31 0.29 
III 0.31 0.30 0.31 0.27 
IV 0.26 0.32 0.32 0.34 
VI 0.30 0.27 0.35 0.35 
VII 0.29 0.26 0.34 0.30 
VIII 0.29 0.31 0.32 0.32 
X 0.22 0.27 0.30 0.28 
XI 0.29 0.34 0.34 0.34 
XII 0.28 0.29 0.24 0.22 
XIII 0.30 0.34 0.34 0.32 
XIV 0.29 0.31 0.33 0.35 
Whole plant 
I 0.23 0.24 0.24 0.25 
II 0.26 0.19 0.25 0.26 
III 0.20 0.25 0.21 0.24 
IV 0.20 0.22 0.24 0.24 
VI 0.23 0.21 0.24 0.24 
VII 0.22 0.25 0.19 0.21 
VIII 0.19 0.24 0.24 0.27 
X 0.20 0.25 0.25 0.24 
XI 0.20 0.23 0.22 0.23 
XII 0.20 0.24 0.24 0.24 
XIII 0.21 0.24 0.23 0.22 
XIV 0.21 0.22 0.22 0.22 
*All values are reported as a percent on an oven-dry 
basis. 
B^asic applications were 6o# P20^  and 40# KgO per acre. 
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Table i+O. Effect of applied nitrogen on percent nitrogen in 
the sixth leaf and whole plants of corn following 
corn grown on the Clarion-Webster Experimental 
Farm at Kanawha in 1955s 
Replicate Rate of nitrogen13 
None 30#/A. 60#/A. 120#/A. 
Sixth leaf 
I 2.77 2.70 2.98 3.18 
II 2.82 2.61 2.79 2.81 
V 1.98 2.37 2.83 2.86 
VI 2.09 2.74 3.39 3.12 
IX 2.38 2.87 3.18 3.27 
X 2.63 3.10 3.4.I 3.28 
XII 2.34 3.14 2.80 3.16 
XIV 2.83 3.04 3.06 3.18 
Whole plant 
I 1.07 1.52 1.66 1.77 
II 1.18 1.30 1.62 1.68 
V 1.0k 1.62 1.79 1.75 
VI 0.98 1.50 1.63 1.75 
IX 0.98 1.55 1.69 1.67 
X 0.71 1.51 1.72 1.67 
XII 0.87 1.60 1.49 1.73 
XIV 1.58 1.50 1.6l 1.75 
aAll values are reported as a percent on an oven-dry 
basis. 
bEasic applications were 60# and l+O# K^ O per acre. 
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Table i+l. Effect of applied nitrogen on percent phosphorus 
in the sixth leaf and whole plants of corn 
following corn gron on the Clarion-Webster 
Experimental Farm at Kanawha in 1955s 
Replicate Rate of nitrogen*3 
None 30#/A. 60#/A. 120#/A. 
Sixth leaf 
I 0.27 0.28 0.33 0.34 
II 0.28 0.30 0.28 0.29 
V 0.26 0.30 0.33 0.32 
VI 0.24 0.31 0.35 0.34 
IX 0.21 0.22 0.28 0.31 
X 0.29 0.32 0.34 0.36 
XII 0.24 0.36 0.22 0.34 
XIV 0.27 0.30 0.32 0.32 
Whole plant 
I 0.18 0.22 0.22 0.22 
II 0.22 0.23 0.24 0.25 
V 0.24 0.25 0.26 0.25 
VI 0.18 0.24 0.2k 0.24 
IX 0.16 0.22 0.20 0.22 
X 0.13 0.23 0.24 0.19 
XII 0.14 0.20 0.21 0.23 
XIV 0.23 0.20 0.21 0.24 
8A11 values are reported as a percent on an oven-dry 
basis. 
B^asic applications were 6o# and Ij.0# K^ O per acre. 
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Table 42. Effect of applied nitrogen and phosphorus on the 
chemical composition of the sixth corn leaf and 
whole corn plants grown at the Southern Iowa 
Experimental Farm at Bloomfield in 1955a 
Treatments*3 Sixth leaf Whole plant 
#n/a. #p2o5/A. Rep I Rep II Rep III Rep I Rep II Rep III 
Percent nitrogen 
0 0 1.76 1.65 1.55 0.58 0.53 0.97 
30 0 2.15 1.82 1.91 0.92 0.97 0.91 
0 60 2.10 1.62 1.70 0.82 0.65 0.96 
30 60 2.12 1.87 1.69 0.92 0.90 0.94 
60 60 2.85 1.97 1.68 1.04 1.31 1.12 
120 60 2.70 2.39 2.87 1.74 1.94 1.52 
240 60 2.84 2.69 2.71 1.82 2.02 1.88 
Percent phosphorus 
0 0 0.22 0.23 0.28 0.21 0.21 0.22 
30 0 0.26 0.25 0.24 0.22 0.22 0.20 
0 60 0.33 0.32 0.30 0.35 0.27 0.28 
30 60 0.32 0.27 0.30 0.23 0.24 0.25 
60 60 0.32 0.28 0.30 0.26 0.25 0.27 
120 60 0.38 0.31 0.32 0.26 0.29 0.26 
240 60 0.34 0.33 0.34 0.22 0.28 0.30 
Percent potassium 
0 0 1.76 1.27 1.70 1.82 1.09 1.21 
30 0 1.70 1.54 1.61 1.36 1.13 1.09 
0 60 1.67 1.60 1.55 2.04 1.22 1.50 
30 60 1.59 1.49 1.51 1.44 1.16 1.30 
60 60 1.58 1.44 1.43 1.47 1.13 1.72 
120 60 1.61 1.35 1.27 1.22 1.16 1.43 
240 60 1.19 1.10 1.06 1.25 1.13 1.33 
aAll values expressed as a percent on an oven-dry basis. 
bA basic high level of potassium was applied. 
Table 1+3• Effect of applied nitrogen and phosphorus on the 
stover, grain, and cob yields8, and their chemi­
cal composition of corn grown on the Southern 
Iowa Experimental Farm at Bloomfield in 1955 
Treatments^ 
#N/A. #P2°5/A. Stover Grain Cob 
Yields 
0 0 3743 1618 644 
30 0 4522 2129 797 
0 60 4332 1622 726 
30 60 4636 1973 764 
6o 60 5016 2584 1009 
1É0 60 5396 3548 1266 
240 60 5605 3724 1396 
Percent nitrogen 
0 0 0.46 1.23 0.31 
30 0 0.54 1.30 0.27 
0 60 0.51 1.24 0.30 
30 60 0.50 1.28 0.29 
60 60 0.47 1.42 0.36 
120 60 0.73 1.57 0.31 
21+0 60 1.03 1.73 0.41 
Percent phosphorus 
0 0 0.15 0.36 0.05 
30 0 0.16 0.41 0.05 
0 60 0.25 0.37 0.07 
30 60 0.23 0.39 0.08 
60 60 0.17 0.4.1 0.08 
120 60 0.15 0.42 0.07 
240 60 0.13 0.44 0.08 
aYields are expressed as pounds per acre on an oven-dry 
basis. 
basic high level of potassium was applied. 
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Table 44» List of treatment numbers and treatments for 
tables 44 through 52 for first greenhouse 
experiment 
Treatment Level of Level of Form of 
number nitrogen® phosphorus nitrogen 
1 5.6 3 NHk* 
2 56.0 3 ti4 
3 112.0 3 M 
4- 5.6 30 M 
5 56.0 30 M 
6 112.0 30 11 
7 5.6 3 N0q" 
8 56.0 3 it-5 
9 112.0 3 M 
10 5.6 30 M 
11 56.0 30 M 







15 112.0 3 Il II 
16 5.6 30 M M 
17 56.0 30 M II 
18 112.0 30 M II 
aLevels are listed as p. p. m. in growing solution. 
Table 45. Effect of form of nitrogen and levels of nitrogen and phosphorus on green 
weight of corna in first greenhouse experiment 
Treatment First sampling Second sampling Third sampling 
number Rep I Rep II Rep III Rep I Rep II Rep III Rep I Rep II Rep III 
1 17 15 34 7 18 23 28 30 25 
2 25 33 38 18 30 9 20 26 18 
3 38 14 20 18 11 9 16 38 24 
4 22 16 19 17 18 15 18 28 31 
5 32 39 38 44 36 49 51 50 43 
6 46 21 37 18 15 15 12 13 "14 
7 34 17 17 14 12 17 34 29 21 
8 33 45 44 117 94 95 136 157 175 
9 60 42 105 67 105 141 199 127 
10 8 13 23 20 20 33 25 47 
11 36 39 39 129 90 100 156 179 200 
12 50 V 60 307 217 218 336 326 lit 13 17 12 8 . 17 20 35 18 38 
14 25 27 34 79 76 46 95 99 89 
15 39 37 39 77 81 74 97 133 100 
16 11 19 18 34 24 18 31 29 32 
17 38 33 38 J 116 50 96 133 104 18 
\ 
80 46 69 124 140 223 227 239 
aDoes not include roots. Values are expressed in grams per pot. 
Table 1+6. Effect of form of nitrogen and levels of nitrogen and phosphorus on dry 
weight® of corn in first greenhouse experiment 
Treatment First sampling Second sampling Third sampling 
number Rep I Rep II Rep III Rep I Rep II Rep III Rep I Rep II Rep III 
1 2 l l 2 2 4 4 4 3 
2 3 4 4 3 4 l 4 5 3 
3 4 l 2 3 2 l 3 6 4 
4 4 2 l 2 2 2 l 3 4 
5 3 5 4 7 6 6 10 10 8 
6 6 2 4 4 4 3 4 4 4 
7 1 2 2 2 2 2 5 4 3 
8 3 4 4 13 11 11 18 22 24 
9 6 4 6 11 7 11 19 25 22 
10 1 l 1 3 2 2 4 3 6 
11 4 4 3 15 10 11 22 23 25 
12 5 5 6 33 23 24 48 46 72 
13 2 l 1 2 2 4 2 5 5 
14 2 3 3 8 9 5 13 14 13 
15 4 3 4 9 9 10 13 18 13 
16 i 2 2 2 3 2 4 3 3 
17 3 3 4 6 13 6 14 19 19 
18 7 5 6 19 15 17 33 34 34 
aDoes not include roots. Values are expressed in grams per pot. 
Table 47. Effect of form of nitrogen and levels of nitrogen and phosphorus on percent 
dry matter of corn in first greenhouse experiment 
Treatment 
number 
First sampling Second sampling 
Rep I Rep II Rep III Rep I Rep II Rep III 
Third sampling 
Rep I Rep II Rep III 
1 11.8 6.7 7.1 28.6 11.1 17.4 
2 12.0 12.1 10.5 16.7 13.3 11.1 
3 10.5 7.1 10.0 16.7 18.2 11.1 
4 9.1 6.3 io.5 11.8 11.1 6.7 
5 9.4 12.8 10.5 15.9 16.7 12.2 
6 13.0 9.5 10.8 22.2 26.7 20.0 
7 7.1 11.8 11.8 14.3 16.7 11.8 
8 9.1 8.9 9.1 11.1 11.7 11.6 
9 10.0 9.5 10.3 10.5 10.4 10.5 
10 12.5 7.7 12.5 13.0 10.0 10.0 
11 11.1 10.3 7.7 11.6 11.1 11.0 
12 10.0 10.6 10.0 10.7 10.6 11.0 
13 11.8 8.3 12.5 11.8 10.0 11.4 
14 8.0 11.1 8.8 10.1 11.8 10.9 
15 10.3 8.1 10.3 11.7 11.1 13.5 
16 9.1 10.5 ll.l 14.3 12.5 11.1 
17 7.9 9.1 10.5 12.5 11.2 12.0 
18 8.8 10.9 8.7 10.9 12.1 12.1 
14.3 13.3 12.0 
20.0 19.2 16.7 
18.8 15.8 16.7 
16.7 14.3 13.0 
19.6 20.0 18.6 
33.3 30.8 28.6 
14.7 13.8 14.3 
13.2 14.0 13.7 
13.5 12.6 17.3 
12.1 12.0 12.8 
14.1 12.8 12.5 
14.3 14.1 13.5 
11.1 13.2 13.2 
13.7 14.1 14.5 
13.4 13.5 13.0 
12.9 10.3 9.4 
14.6 14.3 18.3 
14.8 15.0 14.2 
Table 48. Effect of form of nitrogen and levels of nitrogen and phosphorus on percent 
nitrogen6 in corn in first greenhouse experiment 
Treatment First sampling Second sampling Third sampling 
number Rep I Rep II Rep III Rep I Rep II Rep III Rep I Rep II Rep III 
1 1.04 1.25 1.33 0.73 0.71 O.84 O.83 0.73 0.95 
2 1.64 1.83 1.72 1.77 1.73 1.84 1.75 1.93 1.69 
3 2.59 3.26 2.91 ' 2.65 2.73 2.83 2.39 2.1+2 2.39 
4 1.15 1.02 0.98 1.06 0.82 0.85 0.72 0.78 0.73 
5 1.52 1.52 1.56 1.43 1.48 1.57 1.55 1.39 1.60 
6 2.33 3.44 2.37 2.58 2.71 2.39 2.40 2.54 2.56 
7 1.39 1.18 1.01+ 0.99 O.78 0.89 0.69 1.20 0.80 
6 1.59 1.70 2.00 1.19 1.28 1.40 1.35 1.18 1.19 
9 2.59 2.76 2.78 2.30 2.27 2.29 1.87 2.01 1.81 
10 1.47 1.24 1.51 0.63 0.69 0.76 0.59 0.67 0.66 
11 1.68 1.61 1.92 1.03 1.18 1.33 0.97 1.06 1.16 
12 2.61+ 2.21 2.83 1.68 1.79 1.74 1.36 I.41 1.66 
13 1.25 1.18 1.45 0.81 0.78 0.77 0.70 0.63 0.80 
14 1.75 1.79 1.89 1.39 1.21+ 1.39 1.21 1.16 1.34 
15 2.90 2.79 3.14 2.24 2.29 2.60 2.08 2.07 2.57 
16 1.39 1.25 1.29 0.74 0.83 0.86 0.76 0.82 0.82 
17 1.55 1.56 1.35 1.23 1.39 1.33 1.10 1.07 1.39 
18 1.94 1.95 2.91 1.78 1.74 1.82 1.60 1.61 1.90 
aValues are expressed as percent of nitrogen on an oven-dry basis. 
Table 1+9. Effect of form of nitrogen, and levels of nitrogen and phosphorus on percent 
phosphorus* in corn in first greenhouse experiment 
Treatment 
number 
First sampling Second sampling Third.sampling 
Rep I Rep II Rep III Rep I Rep II Rep III Rep I Rep II Rep III 
1 0.220 0.260 0.250 0.263 0.258 0.294 0.220 0.256 0.297 
2 0.103 0.143 0.130 0.118 0.124 0.108 0.106 0.116 0.100 
3 0.141 0.238 0.152 0.145 O.144 0.120 0.116 0.120 0.116 
4 0.54Q 0.476 0.438 0.716 0.776 0.594 0.611 0.641 0.673 
5 0.447 0.387 0.358 0.510 O.I1O9 0.391 0.450 0.402 O.418 
6 0.307 0.519 0.435 0.594 
0.270 
0.626 0.594 0.590 0.544 
0.228 
0.616 
7 0.269 0.218 0.246 0.212 0.330 0.220 0.323 
8 0.150 0.147 0.152 0.122 0.134 0.132 0.101 0.110 0.120 
9 0.145 0.122 0.125 0.110 0.108 0.122 0.094 0.097 0.118 





0.409 0.506 0.438 0.423 0.425 0.336 0.396 
12 0.345 0.606 0.330 0.361 0.342 0.256 0.256 - 0.289 
13 0.266 0.243 0.289 0.276 0.272 0.253 0.218 0.248 0.272 
14 0.176 0.150 0.150 0.120 0.102 0.114 0.092 0.097 0.112 
15 0.144 0.156 0.138 0.106 0.104 0.112 0.086 0.093 0.116 
16 0,531 0.435 0.560 0.751 0.652 0.694 0.630 0.754 0.611 
17 0.393 0.463 0.399 0.491 0.529 0.444 0.390 0.454 0.535 
18 0.449 0.330 0.493 0.463 0.415 0.441 0.384 0.415 0.447 
aValues are expressed as percent of phosphorus on an oven-dry basis. 
Table 50. Effect of form of nitrogen and levels of nitrogen and phosphorus on percent 
potassium"® in corn in first greenhouse experiment 
Treatment First sampling Second sampling Third sampling 
number Rep I Rep II Rep III Rep I Rep II Rep III Rep I Rep II Rep III 
1 4-30 4.04 3.87 4.90 4.56 4.6k 4.18 4.27 4.81 
2 2.55 3.40 2.76 4.17 3.67 3.86 3.48 3.85 3.47 
3 2.74 3.39 hiS 3.94 4.53 4.12 3.91 3.92 4.32 4 4.23 4.02 5.44 4.92 4.39 4.30 4.31 4-56 
5 3.64 3.21 3.23 3.76 3.33 3.45 3.39 3.12 3.40 
6 2.92 3.67 3.14 . 3.92 3.96 4.02 4.02 3.62 4.10 
7 4.10 3.94 3.80 5.42 4.76 5.07 4.19 5.08 
8 4.78 3.90 4.86 4.89 4.86 4.76 4.20 4.74 
9 5.30 5.16 4.67 5.32 4.81 5.35 4.06 4.04 4.92 
10 5.76 3.56 5.07 4-75 4.85 6.41 4.91 5.00 6.0k 
11 4.66 4.27 5.17 4.75 4.72 5.07 4.17 4.32 4.86 
12 5.58 3.90 4.98 4.35 4.56 4.44 3.32 3.48 3.53 
13 4.29 4.17 4.69 4-96 4.98 5.49 4.78 4.83 4.13 
14 4.27 4.32 4.10 4.60 3.83 4.85 3.91 3.73 4-32 
15 4.28 4.13 4.12 4.15 3.90 4.06 3.72 3.53 3.86 
16 4.46 4.13 4.51 5.25 5.20 5.32 5.08 5.58 5.20 
17 3.73 4.27 3.94 4.62 4.86 4.92 3.82 3.82 4.72 
îé 4.62 3.40 4.32 4.66 4.04 4.23 3.86 3.26 4.10 
aValues are expressed as percent of potassium on an oven-dry basis. 
Table 5l. Effect of form of nitrogen and levels of nitrogen and 
phosphorus on root growth of corn in first greenhouse 
experiment 
Treatment Percent plant material* Dry weight13 
number Rep I Rep II Rep III Rep I Rep II Rep III 
1 62.4 65.6 63.I 5.9 3.9 3.2 
2 93.4 85.7 76.0 2.8 5.1 4.6 
3 63.9 80.0 80.0 4.5 2.4 7.2 
4 S3.8 64.0 79.1 4.3 3.8 3.2 
5 47.9 72.6 79.0 5.7 6.5 4.7 
6 76.4 70.4 85.4 3.1 2.1 3.4 
7 53.2 84.8 54.5 5.3 5.1 4.4 
8 50.3 72.3 55.1 8.0 9.4 11.0 
9 47.1 70.0 55.0 8.5 9.8 12.1 
10 74.1 76.9 87.0 3.7 3.8 3.5 
11 62.0 61.3 49.4 11.8 8.6 13.8 
12 53.2 59.0 67,3 15.4 18.9 22.9 
13 49.2 69.2 77.4 3.4 4.2 4.6 
14 50.4 85.4 76.9 6.0 6.5 7.7 
15 65.2 59.4 88.1 10.4 8.3 7.2 
16 44.9 77.3 92.3 4.0 4.6 4.6 
17 73.8 83.3 90.3 7.4 9.2 6.1 
18 50.3 88.2 80.0 11.6 11.5 12.0 
g 
This value was determined as a result of sand clinging to roots 
after washing. Procedure used in determining this value is given in 
Experimental Methods. 
^Values are for actual plant material after adjusting for weight of 
sand on roots and are expressed in grams per pot. 
Table 52. Efffect of form of nitrogen and levels of nitrogen and phosphorus on 
chemical composition of corn roots in first greenhouse experiment* 
Treatment 
number 
Nitrogen Phosphorus Potassium 
Rep I Rep II Rep III Rep I Rep II Rep III Rep I Rep II Rep III 
1 2.95 1.55 3.03 0.109 0.11+5 0.157 1.0k 1.66 0.92 
2 1.6k 1.79 0.79 0.125 0.145 0.100 1.28 1.07 1.46 
3 1.5% 3.00 1.25 0.128 0.205 0.260 0.70 1.44 1.19 
4 1.26 1.38 2.18 0.617 0.514 0.340 2.23 1.72 1.14 
5 1.9k 1.52 0.65 0.232 0.182 0.129 1.00 0.77 1.40 
6 2.18 3.07 1.60 0.362 0.298 0.206 1.07 0.98 1.10 
7 1.05 1.1+7 0.72 0.139 0.185 0.444 2.41 1.56 1.83 
8 1.27 l.ll 0.89 0.117 0.113 0.100 1.53 1.52 1.78 
9 1.72 1.50 1.02 0.10k 0.109 0.113 0.68 0.83 1.24 
10 1.28 1.27 0.75 0.356 0.393 0.322 1.65 2.31 1.82 
11 1.05 1,06 0.61 0.153 0.329 0.192 0,84 2.15 1.09 
12 0.86 0.8l 0.71 0.178 0.136 0.212 0.69 0.69 1.10 
13 1.30 1.44 0.65 0.209 0.137 0.133 1.99 I.60 1.96 
11+ 1.47 1.29 0.79 0.167 0.09k 0.075 1.49 0.94 0.60 
15 1.15 1.85 1.67 0.077 O.138 0.121 0.57 0.71 1.48 
16 0.9k 0.88 0.70 0.111 0.397 0.303 0.82 1.90 1.58 
17 0.98 1.2k 0.80 0.259 0.431 0.2k6 O.83 1.99 1.22 
18 1.15 1.28 1.00 0.262 0.320 O.38I 0.76 1.38 1.05 
aValues reported as a percent of actual plant material after having been adjusted 
for percent plant material. 
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Table 53» List of treatment numbers and treatments for 
tables 53 through 6l for second greenhouse 
experiment 
Treatment Level of Level of Form of nitrogen 
number nitrogen* phosphorus8 Initial Final 
S 
5.6 3 NOo" NHh* 
C A 1 urn5* "4 
NOo" 
NHj^  
xxc.u ju NOo" 
2k 112.0 30 NHj£* 
2 5.6 3 NHg+ 
3 56.0 3 NO3 " 
4 56.0 3 NHh+ " 
5 112.0 3 no3 " 
6 112.0 3 NBfif* " 
7 5.6 3 NO?" NO 3-
8 5.6 3 nhi:* 
9 56.0 3 NO3 " 
10 56.0 3 nhh* " 
11 112.0 3 NO3 M 
12 112.0 3 NEH+ M 
5.6 30 NO 3 NHi,* 
5.6 30 nh£* "4 
M 
M 
15 56.0 30 NO3 
16 56.0 30 NHl* 
17 112.0 30 NO3 " 
18 112.0 30 NHh* " 
19 5.6 30 NO3 NO3' 
20 5.6 30 NHfT " 
21 56.0 30 
22 56.0 30 h*




aLevels are listed as p. p. m. in growing solution in 
final phase of experiment. In initial phase to time of first 
sampling, p. p. m. N was 56 and p. p. m. P was 3 in the 
growing solution. 
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Table 54 • Effect of form of nitrogen on plant growth at 
first sampling in second greenhouse experiment 
Treatment Percent 
number Green weight Dry weight* dry matter 
Rep I Rep II Rep I Rep II Rep I Rep II 
1 26.8 23.8 3.5 3.1 13.0 13.0 
2 17.7 17.4 2.6 2.5 14.7 14.4 
3 22.3 24.3 2.9 3.1 13.0 12.8 
4 18.8 23.8 2.9 3.0 15.4 12.6 
5 22.5 17.0 3.1 2.7 13.8 15.9 
6 16.6 11.8 2.6 1.9 15.7 16.1 
7 24.4 24.6 3.3 3.0 13.5 12.2 
8 16.3 15.7 2.4 2.3 14.7 14.6 
9 18.8 17.8 3.0 2.5 16.0 14.0 
10 16.5 17.3 3.0 2.4 18.2 13.9 
11 24.4 20.8 3.2 2.8 13.1 13.5 
12 20.8 18.5 3.1 2.7 14.9 14.6 
13 24.7 26.8 2.9 3.3 11.7 12.3 
14 17.3 12.5 2.9 2.0 16.8 16.0 
15 30.0 27.3 3.9 3.1 13.0 11.4 
16 20.0 19.7 2.9 2.8 14.5 14.2 
17 24.1 16.6 2.8 2.1 11.6 12.6 
18 17.2 20.7 2.5 2.8 14.5 13.5 
19 30.0 24.3 4.0 3.2 13.3 13.2 
20 l6.5 16.0 3.7 2.4 22.4 15.0 
21 19.0 30.6 2.8 3.6 14.7 11.8 
22 18.2 13.8 2.7 2.1 14.8 15.2 
23 22.0 21.7 2.7 2.7 12.3 12.4 
24 19.2 23.8 2.6 3.3 13.5 13.9 
aGreen weight and dry weight reported in grams per pot 
